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AXiR Engine® tells you the risk of future disease in your body. 


Until today we’ ve been ignoring small signal in our body if we feel that the pain is a split second.or very short period. 
In Japan we see the number of deaths by cancer like 370,000 people and the number is similar in the past 6 years. 
Maybe the fatalities number will be similar in 2018 and this causes the next guess like that the nextyear, candidate 
370,000 are waiting for cancer death order because of invisible reason today. 

The total number of individuals affected by cancer in Japan is about 1,000,000 and the number means 37% people 
might be going to die. Medical doctor is focusing on patients who are clearly suffering fromjactual|dis. discasas lhe em: likelcancer. 
AXiON Research Inc., we assume the invisible path to reach those diseases,and some reason with scientific backgnou LAR 
must be there to meet the numbers repeated every year. In The “Compass to,Healthy Life” 

Research Complex Program organized by RIKEN and supported)by JST, inJuly 2018, AXiON Research) Inc. ates 

the performance of Replica Generator Ill to increase data of healthcare'on 415 people data up to 4, 160, 

It’ s really good result and succeeded in increase of 4 initial disease\risk categories,up to 7 ones after the data generation) 
with keeping the original statistical feature and accuracy. It also,kkeeps the probabilityidensity, the’ dispersionjand fthe 
distribution of the original data increasing the number per different age;and gender. It'contributes the futurejanalysis 
of 10,000 people data and analyzes health indices and invisible disease'risk prediction for pre-disease state. 
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AXiON Research Inc. is introducing new methodology to identify : 
the health indices / position in pre-disease state group lh > 
and how quickly getting worse by checking autonomic nerves iad F 


activities or up / down parameters related to individual PR ity. 
Heatmap of health condition/disease risk level Relies the 
identification of the risk and vector-map of disease 
risk level works how much, how quickly getting worse.” 
or shifting the next stage of future diseases. 
The challenge started a few years ago and various technologies / 

research results are accelerating the analysis process and its accuracy. 
Today medical service is often using X-ray, MRI, CT or PET, and af 
it can identify the disease itself at very high rate. However} / 

it does usually work as an answer like you have no problem/at all, at least today. 
Some of pre-disease state people might be waiting for new, technology 
to make some advice or estimation of future disease risk at very/earlystage. 
We introduce AXiR Engine® for how much healthy you are onwefare: 
We’ re going to the next pre-service stage with strategic partnersito 


run the service into the real world and commercial service: i 
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Business Model Global Partnership 

AXiON Research provides AXiR Engine and P-HARP AXiON Research is building global partnership We’ re seeking the next fundraising 
customized services for the customers and partners. with AR/VR and robotics companies targeting Series A in 2019. Series A 1st will be 
Healthcare Services are built in various application. healthcare industry. We’ re also looking for between Jan. and Apr. 2019. 

We’ re interested in strategic alliance partners to worldwide business partners. Series A 2nd will be between June and 


accelerate the market adoption. Oct. 2019. Welcome, Early Entries. 


$25, 000 Grand Prize! 
Get published in Science! 
The Science-PINS Prize is a highly competitive international prize that honors sci- 
entists for their excellent contributions to neuromodulation research. For purposes 
of the Prize, neuromodulation is any form of alteration of nerve activity through the 
delivery of physical (electrical, magnetic, or optical) stimulation or chemical agents 


to targeted sites of the nervous system. 


For full details, judging criteria and eligibility requirements, visit: 


www.sciencemag.org/prizes/pins 


Submission Deadline: March 15, 2019 
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Beautiful Campus, Beautiful Minds: - 


Celebrating Wuhan University’s Past, 


Present, and Future 


uhan University is often 

described as having one 

of China’s most beautiful 

campuses. In the spring, 
lotus flowers pop up on its small, 
central lake, and cherry blossoms 
line an avenue running below the 
imposing stone buildings of the Old 
Dormitory. If you’re willing to climb 
the steep stairs past this structure— 
fondly called “Cherry Blossom 
Castle” by faculty—you can gaze across to the main 
administrative building, and the hill covered in sun-dappled 
trees behind it. 

But, says Wuhan University president Xiankang Dou, 
there’s more to the university than just pleasant scenery. 

“When you come to Wuhan University, you’ll see that 
it’s beautiful and we have a great history. But that’s 
not enough,” he says, sitting in the main administrative 
building. “We are creating an environment and atmosphere 
where we respect knowledge and hard work.” 

Wuhan University was founded 125 years ago in Wuhan, 
a city of around 10 million located in China’s central, 
landlocked Hubei Province. In a sense, the campus is a 
smaller version of the city itself—Wuhan is also centered 
around a series of lakes, including the enormous East 
Lake. When the university was founded, it was a little 
different from other universities in China. At the time, 
most universities focused on a single discipline, whereas 
Wuhan University offered accounting, business, physics, 
and foreign languages. That remains true today, and the 
university now boasts Lei Jun, the founder of smartphone- 
maker Xiaomi, and a former prime minister of Kazakhstan, 
among its alumni. 

“(Wuhan University] is a comprehensive university, So we 
have many interdisciplinary discussions. These create the 
uniqueness of our school. Here, the social scientist can 
talk with the life scientist—this kind of mixture generates 
more creativity,” Dou says. “I’m really proud of our glorious 
past, our flourishing present, and our bright future.” 


Xiankang Dou 
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TreeSof Wuhan University 


Over its lifetime, the university has undergone many 
iterations: different names, different buildings—and, of 
course, different students and faculty. But one thing that’s 
stayed constant is the university’s emphasis on taking care 
of its students, says Dou. 

Dou points to how past presidents at Wuhan University 
made special efforts to look after their scholars. In the 
1930s, the country was beset by the Second Sino- 
Japanese war (1937-1945), resulting in great hardship and 
extreme loss of life for the Chinese people. Nevertheless, 
the university continued to house its scholars in grand 
cottages on Luojia Hill, the sunny knoll behind the 
administrative building. “[It was] to show our values and 
attitudes toward these professors, that we wanted to 
continue to strengthen the foundation of our university and 
excel academically,” he says. 

Dou, who became president in 2016, has had an 
impressive academic career in his own right. He studied 
space physics at the University of Science and Technology 
of China (USTC), a prestigious research university in 
eastern Anhui Province. He admits that at the time, he 
didn’t know exactly what he was getting into. “When | was 
a child, | didn’t know the difference between astrophysics 
and space physics,” he explains. “| liked to think about 
outer space, and that’s why | chose space physics.” He 
focused much of his research on the earth’s atmosphere, 
namely, the stratosphere and mesosphere. In the following 
decades, he won numerous awards and accolades—last 
year he was honored by being selected as a member of the 
Chinese Academy of Sciences. 

During his tenure as university president, Dou’s focus 
has been firmly back on earth. He’s making it his mission 
to attract top talent to the university and turn it into a 
world-class research institution. For him, that requires 
focusing on two main goals: improving the teaching 
faculty and enhancing the academic options and living 
conditions for students. Meeting the latter objective means 
allowing students to choose their courses, as well as 
ensuring they have a good studying environment. “The 
goal of the university is to foster young talent who can 
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better serve society. As such, we put the students’ goals 
and requirements as our utmost priority,” says Dou, who 
personally monitors the condition of the students’ living 
quarters. 

Although Dou says he’s proud of Wuhan University, he 
has plans to make it even better. “| have a dream,” he 
says. “Today, the competition between universities is really 
fierce. In the next decade, | believe and hope that we can 
continue to bring high-level teaching faculty to our school. 
This will help us to build a first-class university, respected 
nationally and internationally.” 

Of course, part of achieving that goal will be getting 
more papers published in top academic journals, says 
Dou. But that’s only one aspect of what he is hoping 
for from his academic staff. “We also believe that our 
faculty can focus more on the growth of our country, the 
development of our society, and the improvement of our 
economy,” Dou says. 

Dou is also keen to encourage and attract more 
international students—particularly those from developing 
countries. That’s partly to increase trust and partnerships 
between China and the countries in question, but also to 
provide students from those countries with tools they can 
take back with them to advance the developing medical 
and legal systems in their homelands, he says, pointing to 
Africa and Southeast Asia as areas of particular interest. 
Already, Wuhan has large numbers of international 
students as compared to other universities in China. To 
Dou, this is impressive—after all, Wuhan doesn’t have 
the glitzy, big-city romance of Shanghai, or the grand, 
historical significance of Beijing. “We are in the hinterlands 
of China, but we still attract an impressive number of 
students. That is quite unique,” he says proudly. 

And unsurprisingly, given Dou’s background, the 
university is pouring millions into developing better 
facilities across the sciences. According to him, Wuhan 
University is already one China’s strongest for space 
science, and in the coming years he wants to attract more 
exceptional students there and to increase cooperation 
with researchers in the United States and United Kingdom. 
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Cherry Blossoms at Wuhan University 


But one thing Dou won't be trying to do is increase 
student admissions. “Because | come from the smallest 
university in China,” he says, referring to USTC, “I don't 
really have any interest in increasing the number of 
students at our university.” Instead, he just wants to focus 
on attracting the right people and making sure they are 
supported and encouraged adequately. “We want to turn 
them into the top thinkers in their fields—it’s about quality, 
not quantity,” he says. 

Although Wuhan University has grand plans for its future 
and is certainly more than just a beautiful campus, the fact 
that the surroundings are aesthetically pleasing certainly 
doesn't hurt. Students can wander leisurely there, taking in 
the last rays of the sun, or stay active by running around the 
sports track. When Dou is asked about his favorite place in 
the university, he responds without hesitation: Cherry Blos- 
som Boulevard, of course. 

Looking nostalgic, he recalls watching a coming-of-age 
film called “Girls’ Dormitory,” as a college student at USTC 
in the 1980s, when there were few movies available in 
China. The film told the story of five first-year students who 
lived in Wuhan University’s Old Dormitory next to Cherry 
Blossom Boulevard. Even now, that cherry-blossom-lined 
avenue beside the dormitories reminds him of watching that 
film, and in turn, of being a young college student himself. 
The Old Dormitory exhibits a combination of Western and 
Chinese architectural styles, which to Dou represent both 
the university’s glorious history and its modern spirit of 
openness and tolerance. 

“{Standing] on this boulevard, we can feel the history of 
Wuhan University,” Dou says, referring to the generations of 
students and teachers who have walked there before. “We 
see the past, the present, and the future of this university.” 
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Researchers in an experimental field, Saldaha, Colombia 


Sustainable agriculture 
supported by loT 


Agricultural productivity, sustainable careers, and environmental 
conservation are global issues in agriculture. Colombia is no 
exception, and a project to provide solutions to such issues using 
the internet of things (loT) has started in cooperation with the 
governments of Colombia and Japan in January 2018 (7). 


The joint project is conducting small-scale experimental research 
that aims to develop a knowledge platform that increases rice 
production and conserves the environment by reducing methane 
emission and nitrification in farming through better input management 
(irrigation and nitrogen fertilizer). The project’s partners include, from 
Japan, the Ministry of Internal Affairs and Communications (MIC), 
which is also funding the project, and from Colombia, the Ministry of 
Information Technology and Communication (MINTIC) , the Ministry 
of Agriculture and Rural Development (MADR) and the National 
Rice Growers Association (FEDEARROZ) in close collaboration with 
the International Center for Tropical Agriculture (CIAT). 


e-kakashi, a knowledge platform for agriculture 


PS Solutions is providing such a platform with e-kakashi. e-kakashi 
consists of three units: a gateway unit that functions as an interface 
between the other two units, a sensor node unit that obtains 
measurements from each sensor, and a cloud system unit that 
includes Al capability and receives all the collected data. Al trained 
with plant science and agricultural know-how integrates the acquired 
data and visualizes them as graphs, enabling users to easily analyze 
the data in the context of good farming practices and plant science. 


In the current project, collected data include rice plant conditions (or 
growth), environment factors, and collective farming experiences. At 
the test fields of CIAT and FEDEARROZ, environmental data are 
collected by sensors (2) integrated to the e-kakashi cloud system 
unit. By giving scientific feedback from FEDEARROZ and CIAT 
about farming techniques and know-how, e-kakashi’s Al will 
compare and integrate the field data to provide farmers with 
cultivation recipes (or ek-recipes) including actions for better crop 
management. e-kakashi will benefit Colombian agricultural 
practices as well as the environment by enabling the practical 
exchange of farming techniques to optimize farming processes and 
improve product quality and quantity. 


FEDEARROZ’s Technical Manager, Myriam Patricia Guzman, 
comments, “e-kakashi with real-time information analysis will 
provide farmers with tools to make optimal crop management 
decisions. The ICT (information and communication technology) 
utilized in this project will be integrated as part of the monitoring 
platform for crop conditions to improve crop management. The rice 
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farming methods tested and practiced in the project will be 
disseminated through the FEDEARROZ AMTEC program (Massive 
Adaptation Technology Extension Program), which integrates 
climate services, site-specific agriculture and precision agriculture 
for the benefit of farmers.” 


Educating the next generation of farmers 


In addition to providing solutions to agricultural productivity and 
environmental issues, the project deals with issues of employment 
in Colombia through loT and agricultural education. To maximize 
e-kakashii for farming, training will be done through lectures, 
practical field training and workshops for participants from 
FEDEARROZ including member farmers and other stakeholders in 
rice production. During the training, farmers and technicians will 
familiarize themselves with loT and science-based agriculture. This 
education is particularly useful to FEDEARROZ farmers who seek 
sustainable agriculture. Sustainable agricultural practice will bring 
stable employment to generations of farmers. 


Scientific research and smart agriculture made easy 
with e-kakashi 


The current project is a test case for how e-kakashi can contribute 
to improving agricultural practices in general. Its small-scale will 
show how common agricultural problems can be solved by 
measuring key environmental parameters. Ultimately, by using 
e-kakashi, scientific hypotheses can be tested for plant growth in 
any field anywhere in the world. 


Dr. Takashi Togami, the developer of e-kakashi, imagines 
e-kakashi and its ek-recipes solving food sustainability and stable 
employment around the world. “Environmentally sound sustainable 
agriculture is needed to save our planet and ourselves,” he says. 


Note 1. The names and logos of "e-kakashi" are registered 
trademarks or trademarks of PS Solutions Corp. in Japan. 


Note 2. Names of any other product, company or organization are 
registered trademarks or trademarks of the relevant company. 


(1) http:/Awww.soumu.go.jp/main_sosiki/joho_tsusin/eng/Releases/- 
Telecommunications/2018_01_12_02.html 
In January 2018, the Colombian government and the Japanese government agreed to 
cooperate in the area of agricultural loT to resolve the challenges Colombia is facing in 
agriculture, such as sustainable farming and food production. 

(2) One of the sensors used to measure water depth is provided by Tokyo Electron Device 
Limited. With a built-in mobile unit, it communicates directly to the cloud system. 
PS Solutions foresees that all sensors will come with this communication capability in 
the near future, which would eliminate the gateway and sensor nodes units, allowing for 
easier and more economic data collection at more collection points in the fields. 
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Next-generation wargames 
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BREAKTHROUGH 
of the YEAR 


WINNER 
1344 Development cell by cell 


RUNNERS-UP 

1346 Ice age impact 

1347 An archaic human ‘hybrid’ 

1347 How cells marshal their contents 

1348 Forensic genealogy comes of age 

1348 Molecular windows into primeval worlds 
1349 Gene-silencing drug approved 

1350 Molecular structures made simple 


1351 Messengers from a far-off galaxy 
1351 #MeToo makes a difference 


BREAKDOWNS OF THE YEAR 


1352 Climate-fueled disasters rise, 
political action stalls 


SEE ALSO 
> EDITORIAL P. 1333; VIDEO; PODCAST 


A zebrafish embryo at 
an early stage of devel- 
opment. Fluorescent 
markers highlight 
cells expressing genes 
involved in determin- 
ing the type of cell 
they will become. 

The ability to track 
development in stunning detail by marking 
early embryonic cells to trace their lineage, 
isolating thousands of cells during develop- 
ment, and sequencing their RNA cell by 
cell, is Science's 2018 Breakthrough of the 
Year. See page 1344. Image: Jeffrey Farrell, 
Schier Lab/Harvard University 
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NEWS 


1334 News at a glance 


1337 HINTS OF YOUNG PLANETS 

PUZZLE THEORISTS 

Astronomical survey finds telltale gaps 
in dusty disks around newborn stars 
By D. Clery 


1338 UNIVERSITIES ‘HELD HOSTAGE’ IN 
NICARAGUA’S POLITICAL CRISIS 
Intensifying oppression paralyzes 
teaching and research By L. Wade 


1339 ANTARCTIC ICE MELT 125,000 YEARS 
AGO OFFERS WARNING 

Ice sheet apparently collapsed in a 
previous warm period By P. Voosen 


1340 FOSSILS PUSH BACK ORIGIN OF KEY 
PLANT GROUPS MILLIONS OF YEARS 

Finds from Middle East point to the dry 
tropics as cradle for plant evolution 

250 million years ago By E. Pennisi 

> REPORT P. 1414 


1341 LINK TO ALZHEIMER’S SEEN IN 
NODDING SYNDROME 

Protein tangles hint that childhood 
illness is a degenerative disease of the 
brain By L. Spinney 


1342 ‘FIVE DEEPS’ MISSION TO EXPLORE 
MYSTERIOUS OCEAN TRENCHES 

Crewed sub aims to spot new species 
and gather rocks By E. Stokstad 


1343 NATIONAL ACADEMIES URGES 
RENEWED COMMITMENT TO FUSION 
U.S. should stick with ITER, build a 
power plant, panel says By A. Cho 


INSIGHTS 


1354 TESSELLATING TINY TETRAHEDRONS 
A tiling rule guides the formation 

of quasicrystalline superlattices of 
nanocrystals By S. Wu and Y. Sun 

> REPORT P. 1396 


1355 CHEMOTHERAPY AND 

TUMOR IMMUNITY 

Inducing senescence in tumor cells 
stimulates antitumor innate immune 
responses By S. Cornen and E. Vivier 

> REPORT P. 1416, 


1357 SEEING A GLOBAL WEB OF 
CONNECTED SYSTEMS 
Social-ecological shifts may often 
be causally linked 

By M. Scheffer and E. H. van Nes 

> RESEARCH ARTICLE P. 1379 


1358 HYDROPATTERNING—HOW ROOTS 
TEST THE WATERS 

Local water cues modulate 

auxin signaling to instruct root 
developmental decisions 

By R. FH. Giehl and N. von Wirén 

> REPORT P. 1407 


1359 UNUSUAL TRANSCRIPTION FACTOR 
PROTECTS AGAINST HEART FAILURE 
Cleaved fragment of a cardiomyocyte 
structural protein moonlights as a 
transcription factor 

By A. Padmanabhan and S. M. Haldar 

> RESEARCH ARTICLE P. 1375 


1360 ESCAPING ATMOSPHERES 

OF EXTRASOLAR PLANETS 

The study of helium absorption opens 
a new window on escaping exo- 
atmospheres By M. Brogi 

> REPORTS PP. 1384 & 1388 


1362 NEXT-GENERATION WARGAMES 
Technology enables new research 
designs, and more data 

By Andrew W. Reddie et al. 


1365 THE SEX ROBOTS ARE HERE 
Advances in robotics and AI bring new 
concerns to age-old questions about 
human intimacy By L. Frank 


1366 BEYOND BLOOD 

Strangers conceived via the same sperm 
donor reveal the role of choice in how 
we think about kin By S. Zadeh 
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MICROBES WITHIN THE HOST 


13th Annual Salk/Fondation losen/Science 
Svanwoo-sium*on Biological Complexity 
January 22 - 24, 2019 Salk Institute for Biological Studies, La Jolla, CA 
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DENISE MONAK (Chair) STANFORD UNIVERSITY 
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JEFFREY GORDON WASHINGTON UNIVERSITY IN ST. LOUIS 


LORA HOOPER (Chair) UNIVERSITY OF TEXAS SOUTHWESTERN MEDICAL CENTER 
GREGORY BARTON UNIVERSITY OF CALIFORNIA, BERKELEY 

ANDREW MACPHERSON UWIVERISTY OF BERN, SW 

YASMIN BELKAID WATIONAL INSTITUTE OF HEALTH, NIAID 


MARTY BLASER (Chair) NEW YORK UNIVERSITY 
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DAN LITTMAN NEW YORK UNIVERSITY 
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LETTERS 


1368 PROTECT THIRD POLE’S 
FRAGILE ECOSYSTEM 
By J. Liu et al. 


1369 THE FRESHWATER BIODIVERSITY CRISIS 


By I. Harrison et al. 


1369 CHINA’S REOPENED RHINO HORN TRADE 


By H. Cheung et al. 


1369 ERRATA 


RESEARCH 


IN BRIEF 


1372 From Science and other journals 


RESEARCH ARTICLES 
1375 CELL BIOLOGY 


E-C coupling structural protein 
junctophilin-2 encodes a stress-adaptive 
transcription regulator A. Guo et al. 
RESEARCH ARTICLE SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aan3303 

> PERSPECTIVE P. 1359. 


1376 STRUCTURAL BIOLOGY 

Structure of human TFIID and mecha- 
nism of TBP loading onto promoter 
DNA A. B. Patel et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aau8872 


1377 STRUCTURAL BIOLOGY 

Structures and gating mechanism of 
human TRPM2 L. Wang et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aav4809 


1378 MOLECULAR MAGNETS 

A linear cobalt(II) complex with 
maximal orbital angular momentum 
from a non-Aufbau ground state 

P.C. Bunting et al. 

RESEARCH ARTICLE SUMMARY; FOR FULL TEXT: 
dx.doi.org/10.1126/science.aat7319 


1399 & 1416 


Hunting senescent 
tumor cells 


1379 CRITICAL TRANSITIONS 
Cascading regime shifts within and 
across scales J. C. Rocha et al. 


> PERSPECTIVE P.1357 


REPORTS 


EXOPLANET ATMOSPHERES 

1384 Spectrally resolved helium 
absorption from the extended 
atmosphere of a warm Neptune- 
mass exoplanet R. Allart et al. 


1388 Ground-based detection of an 
extended helium atmosphere in 
the Saturn-mass exoplanet 
WASP-69b L. Nortmann et al. 

> PERSPECTIVE P.1360 


1391 PLASMA ASTROPHYSICS 
Electron-scale dynamics of the diffusion 
region during symmetric magnetic 
reconnection in space R. B. Torbert et al. 


1396 QUASICRYSTALS 
Single-component quasicrystalline 
nanocrystal superlattices through flexible 
polygon tiling rule ¥. Nagaoka et al. 

> PERSPECTIVE P.1354 


1400 MOLECULAR MAGNETS 
Magnetic hysteresis up to 80 kelvin 
in a dysprosium metallocene single- 
molecule magnet F-S. Guo et al. 

> PERSPECTIVE P. 1359 


1403 MARINE PROTECTED AREAS 
Elevated trawling inside protected areas 
undermines conservation outcomes in a 
global fishing hot spot M. Durewil et al. 


1407 PLANT SCIENCE 

Root branching toward water involves 
posttranslational modification of 
transcription factor ARF7 

B. Orosa-Puente et al. 

> PERSPECTIVE P.1358 


1410 SOCIAL NETWORKS 

The strength of long-range ties in 
population-scale social networks 
P.S. Park et al. 


1414 PALEOBOTANY 

A hidden cradle of plant evolution 
in Permian tropical lowlands 

P. Blomenkemper et al. 

> NEWS STORY P. 1414 


1416 CANCER 

NK cell-mediated cytotoxicity 
contributes to tumor control by 
a cytostatic drug combination 
M. Ruscetti et al. 

> PERSPECTIVE P. 1355 


1423 CELL BIOLOGY 

ATP-dependent force generation and 
membrane scission by ESCRT-III and 
Vps4 J. Schéneberg et al. 


DEPARTMENTS 
1333 EDITORIAL 


Exploring organisms cell by cell 
By Jeremy Berg 
> BREAKTHROUGH OF THE YEAR P. 1344 


1442 WORKING LIFE 
Forced to change—for good 
By Katarina Radosevié 
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IAS conference attendees. (From left) Professor Jacob Huang, Professor Li Tatsien, Professor Jean Salengon, Professor Sir John Ball, 
Professor Serge Haroche, Professor Philippe G. Ciarlet, Mr. Alexandre Giorgini, Professor Jean-Marie Lehn, Professor Way Kuo, 
Professor Pierre-Louis Lions, Professor Lu Jian, Vice-President (Research and Technology), and Professor Alex Jen Kwan-yue, Provost. 


The spirit of international collaboration continues to thrive at the 

City University of Hong Kong (CityU), a fact that was highlighted last 
month during an important conference honoring the 80th birthday 

of Professor Philippe G. Ciarlet. During his career, the renowned 
mathematician has pioneered research into the finite element method, 
differential geometry, and the theories of elasticity, plates, and shells. 
Ciarlet joined CityU in 2002, and has been a senior fellow with the 
Institute for Advanced Study (IAS) at CityU since its inception in 2015. 
He has devoted himself to connecting its students and faculty with 
some of France's greatest minds. 


ver the past 15 years, Ciarlet has organized a lecture series 

that has welcomed high-ranking members of the French 

Academy of Sciences to CityU. The series has introduced 

many notable French scientists to the CityU campus, includ- 
ing Fields Medalists and Nobel laureates. Speakers have included No- 
bel prize winners Serge Haroche, a physicist whose team was rewarded 
for its work on quantum systems in 2012, and chemist Jean-Marie 
Lehn, who in 1987 shared the Nobel Prize in Chemistry as part of a 
research group working in the field of supramolecular chemistry, pio- 
neering the discovery and application of synthetic cyclic compounds 
known as cryptands. 

Jacob Huang, executive director of IAS and chair professor of materi- 
als science at CityU, says that this unique research partnership between 
France and Hong Kong has helped foster high-level academic discus- 
sions between the two scientific communities. 

"This dialogue has helped us further improve our international 
network and collaboration with global talent, which in turn helps 
to promote the cross-fertilization of ideas and the creation of new 
knowledge,” he explains. 

On November 12, IAS held a conference, “Celebrating France-Hong 
Kong Scientific Cooperation in Honour of Professor G. Ciarlet’s 80th 
Birthday,” to highlight Ciarlet’s important contributions to the univer- 
sity’s research environment and to reaffirm the values of international 
cooperation and high-level conversation that have come to underpin 
the work of IAS. The institute opened three years ago to promote inno- 
vative research in Hong Kong by world-renowned scholars. 

Present were Nobel Prize-winners Haroche and Lehn as well as 
members of the French Academy of Sciences and Senior Fellows of 
IAS, including mathematicians Sir John Ball, Tatsien Li, Fields Medalist 
Pierre-Louis Lions, and physicist Jean Salengon. 


Way Kuo, president of CityU, opened the one-day conference with 
a speech underlining the importance of the university’s working 
relationship with French institutions. Over the years, he said, 
these partnerships have helped ensure that students and faculty 
at CityU put scientific excellence at the forefront of their research 
and teaching, and have kept the university at the heart of the 
international academic community. 

In his follow-up remarks, Alexandre Giorgini, Consul General of 
France in Hong Kong and Macau, highlighted the importance of the 
research collaboration for France. He praised Ciarlet as an “honnéte 
homme,” an 18th-century term for an enlightened man who “wants 
to understand the basic truths of the functions of the universe.” He 
also commended Ciarlet for being an ambassador by using science 
as a “unifying language” to help create a common bond between 
France and Hong Kong. 

Following the opening speeches, conference attendees enjoyed 
a day-long program of carefully curated talks by invited delegates 
on subjects as wide-ranging as the impact of Italian physicist and 
astronomer Galileo on modern science; quantum physics; and 
developments in game theory. 

“We were deeply honored that six eminent scholars joined 
together on the CityU campus to present a series of lectures and 
disseminate knowledge in their research areas among the scientific 
community,” says Huang. “We hope these kinds of events will 
further raise the global profile of the science and engineering 
community at CityU and other academic institutions in Hong Kong 
and Greater China.” 

The IAS intends to become a leader in interdisciplinary research 
that benefits society and to be recognized as both a regional and 
global intellectual center, adds Huang. 
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EDITORIAL 


Exploring organisms cell by cell 


n an imaginary universe, you have discovered a set 
of planets, each with its own complex civilization 
with many culturally distinct nations. You face the 
daunting task of exploring each planet, mapping 
national boundaries, and characterizing different 
cultural features. In discussing this challenge with 
your colleagues, you come up with an alternative 
plan. You can divide each planet into small sectors, 
tag each sector for identification, send out many small 
probes to land in random locations and send back data, 
and then use the tagging information to computation- 
ally assemble the informa- 
tion into detailed atlases 
and travel guides. Science’s 
Breakthrough of the Year 
recognizes the application 
of this tag-analyze-assemble 
approach to one of the most 
fundamental and _fascinat- 
ing processes in biology—the 
seemingly miraculous trans- 
formation of single cells into 
complex organisms—provid- 
ing rich information about 
cell-type inventories and lay- 
ing the foundation for many 
future studies. 

This achievement builds 
on the 2002 Nobel Prize-win- 
ning work of John Sulston 
and colleagues who had 
mapped the development of 
the roundworm Caenorhab- 
ditis elegans by painstakingly 
watching larvae mature cell by cell through micro- 
scopes. This revealed the sequence of cell divisions that 
resulted in elaborate structures, which led to the char- 
acterization of important processes. With today’s tech- 
nologies, especially massively parallel DNA sequencing 
and advanced fluorescence microscopy, the cells that 
comprise C. elegans have been mapped again using tag- 
analyze-assemble methods based on gene expression 
patterns within each cell. The same approaches have 
been used to map the cellular anatomy of organisms 
of increasing complexity and size. An additional ben- 
efit is that the gene expression signals that define each 
cell type also provide fundamental information about 
the biochemistry and biology of each cell. The large 
and rich datasets that have been generated, and the 
techniques that will produce more, constitute exciting 
breakthroughs in developmental biology. 
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A zebrafish embryo, 30 hours postfertilization, reveals 
descendants (fluorescently labeled) of cells that were 
transplanted 22 hours earlier. 


Nucleic acid-based technologies also underlie some 
of this year’s runners-up, including advanced methods 
in forensics that combine sequence and other databases, 
elucidation of the breeding habits of earlier hominids, 
and long-awaited advances in RNA-based therapies. A 
range of technologies has also led to important concep- 
tual advances in the organizational principles within 
cells. Technologies that elucidated large biological molec- 
ular structures have been applied to smaller molecules, 
resulting in a remarkable advance in analytical chem- 
istry. Exploration has revealed insights into the ancient 
history of our planet. Strange 
lifeforms, known from fos- 
sils hundreds of millions of 
years old, now appear to be 
ancestors of modern animals 
rather than lines that went 
extinct. A crater discovered 
under the ice in Greenland 
likely resulted from a large 
meteorite impact. One source 
of other cosmic visitors, high- 
energy neutrinos, has been 
found to be types of galaxies 
with a massive black hole at 
their centers. 

Other events have high- 
lighted cultural issues. The 
#MeTooSTEM movement has 
brought much needed atten- 
tion to sexual harassment 
within the scientific com- 
munity. Further progress is 
essential to allow individuals 
of all genders to pursue their training and careers with- 
out dealing with the realities of substantially unchecked 
harassment. The announcement of the birth of babies 
with genomes that had been intentionally modified in 
a manner that appears to violate many long-standing 
ethical principles reminds us that scientific results, 
no matter how exciting and full of potential, must be 
applied with appropriate care and respect for ethical 
international norms. Finally, we are challenged by the 
changing climate of our own planet. Powerful storms as- 
sociated with large amounts of rainfall and other events 
are occurring with increasing frequency, illustrating the 
considerable urgency for appropriate actions. We must 
work together across global borders and cultures to 
drive effective steps to arrest harmful climate change. 


-Jeremy Berg 
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Scientists may be making Antarctica’s birds sick 


ou can give your cat the flu. You can also pass pneu- 


yellow-nosed albatrosses, 


giant petrels, and skuas. 


monia to a chimpanzee or tuberculosis to a bird. 
This kind of human-to-animal disease transmission, 
known as reverse zoonosis, has been seen on every 
continent except one: Antarctica. Now, human- 
linked pathogens in bird poop reveal, for the first 
time, that even animals on this isolated, ice-bound land- 
mass can pick up a bug from tourists or visiting scientists. 
At four Southern Ocean locations—including Livingston 
Island off the Antarctic Peninsula—researchers col- 
lected fecal samples from 666 adult birds from 24 dif- 
ferent species, including rockhopper penguins, Atlantic 


Bacterial species in the samples were a close match for 
those circulating in humans and domestic animals, based 
on their DNA. Among the matches: Campylobacter jejuni, 
which causes food poisoning; an antimicrobial-resistant 
strain of C. lari; and certain strains of Salmonella. That 
suggests humans—including scientists and tourists—may 
be passing their bacteria on to local seabirds, either di- 
rectly or through migrating birds, the researchers report 
online in Science of the Total Environment. This newly 
identified infection route could have devastating conse- 
quences for some Antarctic bird colonies. 


Paris agreement lives on 


CLIMATE | After 2 weeks of all-night bar- 
gaining sessions, representatives of nearly 
200 countries agreed to the “rules of the 
road” that will govern the Paris agreement 
on climate change, which seeks to limit the 
world’s rise in global temperatures to 2°C 
by 2100. The new rules lay out how nations 
should track and report their carbon dioxide 
emissions—with the same requirements for 
both developed and developing countries. 
Other contentious issues, including the 
role of international carbon markets and 
whether long-polluting nations should pay 
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others climate “reparations,” were pushed 
off to later meetings of the United Nations 
group. But the world will need to take 
“unprecedented” action by 2030 in order 
to hit the Paris targets, scientists warned in 
an October report of the Intergovernmental 
Panel on Climate Change. 


Lawsuit targets trial reporting 


CLINICAL TRIALS | The U.S. Food and 
Drug Administration (FDA), the National 
Institutes of Health, and the Department of 
Health and Human Services have failed to 
ensure that researchers report clinical trial 


results as federal law requires, according 

to a lawsuit filed this month in a US. district 
court in New York. The plaintiffs are Peter 
Lurie, a physician and former associate FDA 
commissioner, and Charles Seife, a journal- 
ism professor at New York University in New 
York City (who has written for Science). In 

a 2007 law, Congress required researchers 
conducting clinical trials to report results 
both publicly and to the federal government, 
but in a 2016 rule, the agencies relieved 
some of the reporting obligations for trials 
completed before 18 January 2017. Lurie and 
Seife say that part of the rule is inconsistent 
with the law and should be struck down. 
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Probe kisses the sun 


SPACE SCIENCE | NASA’s Parker Solar 
Probe has made its first dip into the sun’s 
atmosphere, providing scientists with 
longed-for data such as the image below 
of a solar streamer, a blast of particles from 
an area of high solar activity. (The bright 
spot in the center is Mercury.) Launched in 
August (Science, 3 August, p. 441), Parker 
will make 24 close flybys over 6 years, 
probing the sun’s atmosphere, or corona, 
and an outward particle flow known as the 
solar wind. Its first flyby, from 31 October 
to 11 November, has already broken records 
for the highest speed for a spacecraft, at 
343,000 kilometers per hour, and the closest 
approach to the sun, at 24 million kilo- 
meters. But those records won’t last long as 
Parker’s orbits become closer and faster. 


Particle flows from the sun snapped by the Parker 
Solar Probe in its first flyby. 
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NIH urged to guard research 


GRANT MANAGEMENT | An advisory panel 
to the director of the National Institutes 
of Health (NIH) has recommended that 
U.S. universities receiving NIH funding 
consider vetting the activities of foreign 
scientists before they are hired. Last 
week’s report on “foreign influences” also 
suggests that NIH expand the definition 
of scientific misconduct to include “mate- 
rial nondisclosures” of any ties to other 
governments, companies, and individuals. 
The recommendations reflect concerns 
that academic researchers are unwittingly 
allowing China and other governments to 
steal research findings and other intel- 
lectual property that belong to the U.S. 
government. A senior Federal Bureau of 
Investigation official told Congress last 
week that it has investigated “thousands” 
of such attempts, and that U.S. univer- 
sities must do more to thwart them. 
Preventing reviewers from downloading 
research proposals could be another way 
to prevent information from falling into 
unauthorized hands, the report suggests. 


Australia cuts future funding 


RESEARCH FUNDING | Funding for gradu- 
ate research and education in Australia 
will be virtually flat for the next 4 years, 
the government said this week. A mid- 
year budget adjustment requires the 
elimination of AU$328 million ($236 mil- 
lion) in planned increases, according to 

a 17 December announcement. “Economic 
growth and prosperity will not be 
achieved by cutting research,” John Shine, 
president of the Australian Academy of 
Science in Canberra, said in a statement. 
Scientists hope to get the money at 

least partially restored in the next full-year 
budget, which will be adopted in the 
spring and take effect on 1 July 2019. 


New immune system institute 


BIOMEDICINE | The Allen Institute for 
Immunology was launched last week in 
Seattle, Washington. The effort will use 

a $125 million donation from the late 
Microsoft co-founder Paul Allen to better 
define how the immune system works and 
why it falters in certain illnesses, includ- 
ing cancer and autoimmune conditions. 
“We want to do a very detailed view of the 
immune system over time,” says Executive 
Director Thomas Bumol, an immuno- 
logist and former senior vice president at 
Lilly Research Laboratories. Researchers 
will track the immune function of three 
groups of people—4-year-olds, adults in 


their 20s and 30s, and people between 
55 and 65. The institute joins Allen- 
funded efforts exploring cell biology, the 
brain, and artificial intelligence. 


A few grant reviewers do a lot 


PEER REVIEW | Asmall cadre of seasoned 
researchers performs a disproportionately 
large share of the peer reviews that help 
U.S. science agencies award grants in the 
biological sciences, a study has found. 
Survey responses from 874 researchers 
showed that a 


Hours spent reviewing = subset served on 
applications annually —_ seven or more 
1490 ——______ funding panels 
over 3 years and 
105 spent an average 
of nearly 
70 17 days on the 
task annually, 
35 according to a 
preprint paper 
0 pas = published 28 
frequent frequent | November on 
reviewers reviewers bioRxiv. These 


reviewers made 
up 23% of respondents who sat on at least 
one panel, but they served on 40% of all 
panels reported. Frequent reviewers also 
reported spending nearly three times 
more hours on proposal reviews than less 
frequent reviewers, close to what they 
considered the maximum time available for 
such work. 


Mars’s methane mystery deepens 


SPACE SCIENCE | Mars’s methane has gone 
missing. For 2 decades, spacecraft moni- 
toring the martian atmosphere, including 
NASA’ Curiosity rover, have hinted at the 
presence of the gas, which on Earth is 
primarily a byproduct of life. Last week, at a 
meeting of the American Geophysical Union 
in Washington, D.C., scientists reported 

that the European Space Agency’s Trace 

Gas Orbiter (TGO), which arrived at Mars 

in 2016, has failed to detect methane in the 
atmosphere down to 50 parts per trillion. 
That’s well below levels seen by Curiosity, 
which has detected small seasonal swings 
in the gas from its perch in Gale Crater. 

The TGO will run until at least 2022, long 
enough to capture any methane surges over 
several martian years. 


Zinke exits Interior 


CONSERVATION | U.S. Secretary of the 
Interior Ryan Zinke announced last week 
that he will leave the post by the end of 
the year. Many environmental groups 
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Monsoon memories 


This year, India’s monsoon rains, critical 
to the harvest and water supply, were 
below average for the 13th time in just 
18 years. Alarm spreads when the rains 
don't come, says Sunil Amrith, a historian 
at Harvard University who has just released 
anew book—Unruly Waters: How Rains, 
Rivers, Coasts, And Seas Have Shaped 
Asia's History—which documents the long 
scientific quest to understand one of 
Asia's most important weather patterns. 
Science spoke to Amrith about his work. 


Q: Why write about the monsoon? 

A: Like many scholars, | sort of took the 
monsoon for granted. The cliché is that 
India is always just one bad monsoon 
away from disaster. But as | learned about 
all the people who had tried to figure 

out what makes the monsoon tick and 
why it varies from year to year, | realized 
we hadn't explored all of the implica- 
tions. [The monsoon] is connected to so 
many things—food, floods, dams, climate 
change, sustainability. 


Q: How has water engineering 

shaped the history of South Asia? 

A: They often faced either too little or too 
much water. Sometimes you have both at 
the same time—flooding in [wet regions], 
drought in places that are among the 
most arid in the world. ... Eventually, [in 
India] you see the emergence of this 

idea that the nation needs to be liberated 
from climate. 


Q: But now you're worried about 

how climate change—and new dam- 
building projects in the Himalayas— 
might affect water supplies. Why? 

A: The historical record shows that relying 
on large-scale projects ... is amistake and 
raises new risks. Dams in the Himalayas 
are particularly worrying. Until the 1980s, 
it was not viable to dam the rivers that 
far upstream. That's changed, and the risks 
are enormous. This is a seismically active 
zone, and the downstream consequences 
of adam collapse would be serious. 

[As for climate change, ] you have melting 
glaciers, for instance. And there is an 
increasing body of work on how 

the monsoon is changing. Planetary 
warming is interacting with aerosol 
emissions and land use changes to make 
the monsoon very unpredictable. 


S SCIENCEMAG.ORG/NEWS 
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celebrated the news, saying Zinke, who is 
under investigation for allegedly violating 
federal ethics rules, had failed to uphold his 
department’s mission to protect wildlife and 
public lands by pushing for greater mining, 
drilling, and grazing on federal property. But 
observers expect those policies to remain 
largely in place under any new secretary 
appointed by President Donald Trump. 


A‘Farout’ planet 


SPACE SCIENCE | Astronomers this week 
announced the discovery of the solar 
system’s most distant resident, a dwarf 
planet 120 times farther from the sun than 
Earth. The planet, nicknamed “Farout,” is 
pinkish in hue, reflecting an icy composi- 
tion. It is likely some 500 kilometers in 
diameter, similar to Saturn’s icy moon 
Enceladus. The astronomers—Scott 
Sheppard at the Carnegie Institution for 


FACILITIES 


Science in Washington, D.C.; David Tholen 
of the University of Hawaii in Honolulu; 
and Chad Trujillo of Northern Arizona 
University in Flagstaff—spotted Farout 
with the Japanese Subaru 8-meter tele- 
scope atop Mauna Kea in Hawaii on 

10 November. It was confirmed this month 
by the Giant Magellan Telescope at Las 
Campanas Observatory in Chile. Farout’s 
orbit is not yet known, so the team can’t say 
whether its path hints at gravitational 
tugs from a hypothesized ninth giant planet. 


CORRECTION 

The 7 December item headlined “Sample 
return probe arrives at asteroid” incorrectly 
reported that NASA's OSIRIS-REx mission to 
the asteroid Bennu would be the agency's 
first to return materials from space since 
the Apollo moon landings. NASA's Stardust 
mission brought back comet dust in 2006. 


European x-ray source shuts down for rebuild 


urope’s premier x-ray source shut down last week for a 20-month upgrade that 

will boost the brightness of its beams by a factor of 100. Since 1994, the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, France, has generated x-rays 

100 billion times brighter than medical x-ray machines by sending beams of elec- 

trons around a circular accelerator. The ESRF has been a workhorse for materials 
science, condensed matter physics, and biology. The €180 million upgrade will greatly 
reduce the width of the electron beam, boosting the intensity of the x-rays. Meanwhile, 
the U.S. Department of Energy approved a plan and cost estimate for an $815 million 
rebuild of the ESRF’s longtime rival, the Advanced Photon Source (APS) at Argonne 
National Laboratory in Lemont, Illinois. If all goes as planned, the ESRF will turn back 
on in 2020, and the APS upgrade will commence in 2022. 
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Gaps in disks of dust around young stars point to unseen planets sweeping them clear. Theorists had not expected planets to form so quickly. 


Hints of young planets puzzle theorists 


Astronomical survey finds telltale gaps in dusty disks around newborn stars 


By Daniel Clery 


L Tau, a mere stripling of a star no 

more than 1 million years old, was 

swaddled in a surprise. Four years 

ago, the Atacama Large Millimeter/ 

submillimeter Array (ALMA) in Chile 

revealed gaps in a bright disk of dust 
around HL Tau—apparently swept clean by 
unseen planets that had formed millions of 
years earlier than astronomers thought pos- 
sible. But now, an ALMA survey of 20 disks 
around nearby young stars suggests the 
precocious planets around HL Tau are no 
anomalies—a result that will keep theorists 
busy for years. 

“It’s spectacular,’ says Joshua Winn of 
Princeton University. “We will never think 
about disks in the same way.” 

Many theorists believe planets form by 
core accretion, which begins as dust par- 
ticles collide and stick together. The clumps 
grow into pebbles, rocks, and, finally, large 
“cores” the size of small planets that can 
vacuum up remaining dust and gas through 
the pull of their gravity. The process is ex- 
pected to be slow, taking millions of years 
to play out. 

The new survey results, published in 
10 papers last week in The Astrophysical 
Journal Letters, suggest a much tighter time- 
scale. ALMA, an array of 64 movable dishes 
high in the Atacama Desert of northern 
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Chile, captures the glow of dust particles 
at millimeter wavelengths, between the in- 
frared and microwave bands. Once a year, 
the array is expanded to its widest extent, 
15 kilometers across, to get the highest 
resolution. The survey team won a coveted 
“large program,” which gave it 65 hours of 
high-resolution observing time, enough to 
find and study disks around 20 young stars. 

The team was rewarded with a clear 
view of gaps, even around stars as young as 
300,000 years old. Equally puzzling, many 
gaps lay far from their stars—much farther 
than Neptune’s orbit—where a planet’s slow 
orbital motion would make it even tougher 
to sweep up dust and gas and form planets 
by core accretion. 

An alternative model relying on unstable 
ripples or clumps in the disk that collapse 
under their own gravity can make planets 
faster, especially large ones in distant or- 
bits. But Marco Tazzari, of the Institute of 
Astronomy at the University of Cambridge 
in the United Kingdom, notes that the sur- 
vey found few spiral arms—signs of disk 
instabilities—in the disks. “There are many 
structures we cannot account for,” he says. 

The new observations did reveal dense 
bands of material in the disks, which could 
alleviate one challenge for the core accre- 
tion model. Centimeter-size grains should 
experience drag from the surrounding gas 
and quickly fall in toward the star, deplet- 


ing the disk of planet-forming material. 
But the dense bands could be acting as 
traps, Tazzari says, stopping grains from 
migrating inward and preserving them for 
planet growth. 

The interpretations all assume unseen 
planets really are responsible for the gaps. 
But Roman Rafikov at Cambridge says 
they could have been created by pressure 
changes at snow lines, where gases such as 
water vapor freeze onto grains, or by mag- 
netic fields in the disk, which can bunch up 
charged particles in bands. “What we see at 
work could be several mechanisms working 
simultaneously,’ he says. 

To untangle these issues, astronomers 
need additional observations. ALMA and 
certain radio telescopes could spy on gas 
in the disks, which makes up 99% of their 
mass. That would allow astronomers to see 
whether the same bands and gaps exist 
in the gas and understand how gas and 
dust interact. 

“The smoking gun,” however, “would be 
finding the planets,’ Rafikov says. Large 
optical telescopes have captured images of 
a handful of exoplanets in distant orbits 
around young stars, but only once the deed 
is done and the disk has already dispersed. 

Still, Tazzari says, results like the ALMA 
survey are transforming the field. “It’s mak- 
ing planet formation an observational field, 
not just a theoretical one.” 
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SCIENCE AND POLITICS 


Universities ‘held hostage’ in 
Nicaragua’ political crisis 


Intensifying oppression paralyzes teaching and research 


By Lizzie Wade 


olecular biologist Jorge Huete-Pérez, 

a professor at Central American 

University (UCA) in Managua, is 

one of many Nicaraguan academics 

whose life and work have been up- 

ended by an escalating political cri- 

sis. A longtime critic of Nicaraguan President 

Daniel Ortega, Huete-Pérez was inspired in 

April when demonstrations against a pro- 

posed cut to social security evolved into a 

new movement against Ortega’s stranglehold 

on political power and his brutal repression 

of dissent. He felt a responsibility to support 

the students on the movement’s front lines 
and joined their protests many times. 

But on 14 October, about 2 weeks after the 

government outlawed political demonstra- 

tions, Huete-Pérez flinched. “I was about to 


president in 2007. More than 300 protest- 
ers have been killed and at least as many 
have been arrested, according to Amnesty 
International; some have been charged with 
terrorism. Tens of thousands more have 
gone into exile. Just last week, police raided 
offices of an independent newspaper and 
several nongovernmental organizations, in- 
cluding a leading human rights group. 

The repression has struck particularly 
hard at Nicaragua’s universities, where fir- 
ings, arrests, and attacks on students have 
brought higher education and research to a 
virtual standstill. “It all started with univer- 
sity students, so universities have been the 
target of repression,” says Huete-Pérez, who 
spoke at a 13 December meeting at UCA to 
discuss the crisis. The Inter-American Com- 
mission on Human Rights now considers 
students one of the most imperiled groups 


Students, seen here protesting in July, have been at the forefront of the opposition to President Daniel Ortega. 


open the [car] door to get out and join” an- 
other protest, he recalls, when police began 
to beat and arrest demonstrators close by. He 
slammed the door and sped away. “I literally 
felt like I was running for my life,” he says. 
“T had not been that scared in a long time.” 
Many others, too, have recently stayed 
home in the face of an intensifying crack- 
down by Ortega, a leader of the Sandini- 
sta movement that overthrew a dictator in 
1979. Ortega has become increasingly auto- 
cratic since beginning his second stint as 
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in the country. “The university system is be- 
ing held hostage,’ says Maria Luisa Acosta, 
a human rights lawyer and president of the 
Nicaraguan Academy of Sciences (ACN) 
in Managua, which organized last week’s 
meeting. (Acosta went into exile in June af- 
ter being threatened by paramilitary forces.) 

Critics say state universities have been co- 
opted by the government, especially the Na- 
tional Autonomous University of Nicaragua 
(UNAN) in Managua, which fired more than 
40 professors and expelled nearly 100 stu- 


dents who had demonstrated or expressed 
support for the movement. “We were fired 
because we spoke out against the silence 
and complicity that allowed the universities 
to permit students to be killed, repressed, 
and detained,’ says sociologist Freddy 
Quezada, another speaker at the meeting, 
who lost his job in July. (UNAN did not re- 
spond to Science’s interview requests.) 

The crisis is also disrupting collabora- 
tions with foreign scientists. Huete-Pérez’s 
department had to suspend the Nicaraguan 
Biotechnology Conference, which UCA or- 
ganized every 2 years with scientists from 
Harvard University, the Massachusetts In- 
stitute of Technology, and other U.S. uni- 
versities. Evolutionary biologist Axel Meyer 
of the University of Konstanz in Germany 
isn’t sure whether he can continue his stud- 
ies of fish evolution in Nicaragua’s crater 
lakes this winter; Gerald Urquhart, a tropi- 
cal ecologist at Michigan State University 
in East Lansing who has worked in Nica- 
ragua for decades, has postponed fieldwork 
indefinitely and canceled his study abroad 
program in Nicaragua. “I am saddened by 
the limitations this places on my relation- 
ship with Nicaraguan colleagues,” he says. 

UCA, a private Jesuit university, is one of 
Nicaragua’s last remaining bastions of free 
speech. In addition to publicly supporting 
the student movement, “They opened their 
doors to thousands of demonstrators” after 
the government fired on a protest in May, 
killing at least 17, says Carlos Tinnermann 
Bernheim, a former minister of education 
and UNAN rector. But teaching has been dis- 
rupted, as at most universities. “It’s not safe 
enough to bring students to campus,” Huete- 
Pérez says. He and others are holding classes 
online, but it’s not the same, he says: “I teach 
biochemisty and biotechnology. You need a 
lab for that.” 

Now, UCA faces a more direct threat. 
The Nicaraguan legislature is consider- 
ing a bill that would end the state funding 
the university receives under a law that 
designates its work as public service. “It’s 
a direct aggression,” says Josefina Vijil, a 
UCA education scientist and a member of 
ACN’s leadership. Much of UCA’s public 
funding goes to scholarships, “so if they do 
this, the ones who suffer are the students,” 
Tiinnermann Bernheim says. 

Vijil especially worries about lasting 
psychological trauma to the researchers 
and students who lived through the crisis. 
Still, she and other participants in the UCA 
meeting spent time brainstorming for the 
day when students are back in classrooms, 
and made tentative plans for writing a 
book about university autonomy. “We need 
to start imagining—and articulating—the 
country we want in 50 years,” Vijil says. 
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CLIMATE 


Antarctic ice melt 125,000 
years ago offers warning 


Ice sheet apparently collapsed in a previous warm period 


By Paul Voosen 


ome 125,000 years ago, during the 

last brief warm period between ice 

ages, Earth was awash. Temperatures 

during this time, called the Eemian, 

were barely higher than in today’s 

greenhouse-warmed world. Yet proxy 
records show sea levels were 6 to 9 meters 
higher than they are today, drowning huge 
swaths of what is now dry land. 

Scientists have now identified the source 
of all that water: a collapse of the West Ant- 
arctic Ice Sheet. Glaciologists worry about 
the present-day stability of this formidable 
ice mass. Its base lies below sea level, at risk 
of being undermined by warming ocean wa- 
ters, and glaciers fringing it are retreating 
fast. The discovery, teased out of a sediment 
core and reported last week at a meet- 
ing of the American Geophysical Union in 
Washington, D.C., validates those concerns, 
providing evidence that the ice sheet disap- 
peared in the recent geological past under 
climate conditions similar to today’s. “We 
had an absence of evidence,’ says Anders 
Carlson, a glacial geologist at Oregon State 
University in Corvallis, who led the work. “I 
think we have evidence of absence now.” 

If it holds up, the finding would confirm 
that “the West Antarctic Ice Sheet might not 
need a huge nudge to budge,” says Jeremy 
Shakun, a paleoclimatologist at Boston Col- 
lege. That, in turn, suggests “the big uptick 
in mass loss observed there in the past de- 
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cade or two is perhaps the start of that pro- 
cess rather than a short-term blip.” If so, the 
world may need to prepare for sea level to 
rise farther and faster than expected: Once 
the ancient ice sheet collapse got going, 
some records suggest, ocean waters rose as 
fast as some 2.5 meters per century. 

As an analogy for the present, the Eemian, 
from 129,000 to 116,000 years ago, is “prob- 
ably the best there is, but it’s not great,’ 
says Jacqueline Austermann, a geophysicist 
at Columbia University’s Lamont-Doherty 
Earth Observatory. Global temperatures 
were some 2°C above preindustrial levels 
(compared with 1°C today). But the cause of 
the warming was not greenhouse gases, but 
slight changes in Earth’s orbit and spin axis, 
and Antarctica was probably cooler than to- 
day. What drove the sea level rise, recorded 
by fossil corals now marooned well above 
high tide, has been a mystery. 

Scientists once blamed the melting of 
Greenland’s ice sheet. But in 2011, Carlson 
and colleagues exonerated Greenland after 
identifying isotopic fingerprints of its bed- 
rock in sediment from an ocean core drilled 
off its southern tip. The isotopes showed 
ice continued to grind away at the bedrock 
through the Eemian. If the Greenland Ice 
Sheet didn’t vanish and push up sea level, 
the vulnerable West Antarctic Ice Sheet 
was the obvious suspect. But the suspicion 
rested on little more than simple subtrac- 
tion, Shakun says. “It’s not exactly the most 
compelling or satisfying argument.” 


A30-kilometer crack angles across the Pine Island 
Glacier, a vulnerable part of the West Antarctic Ice Sheet. 


Carlson and his team set out to apply 
their isotope technique to Antarctica. First, 
they drew on archived marine sediment 
cores drilled from along the edge of the 
western ice sheet. Studying 29 cores, they 
identified geochemical signatures for three 
different bedrock source regions: the moun- 
tainous Antarctic Peninsula; the Amundsen 
province, close to the Ross Sea; and the area 
in between, around the particularly vulner- 
able Pine Island Glacier. 

Armed with these fingerprints, Carlson’s 
team then analyzed marine sediments from a 
single archived core, drilled farther offshore 
in the Bellingshausen Sea, west of the Ant- 
arctic Peninsula. A stable current runs along 
the West Antarctic continental shelf, picking 
up ice-eroded silt along the way. The cur- 
rent dumps much of this silt near the core’s 
site, where it builds up fast and traps shelled 
microorganisms called foraminifera, which 
can be dated by comparing their oxygen 
isotope ratios to those in cores with known 
dates. Over a stretch of 10 meters, the core 
contained 140,000 years of built-up silt. 

For most of that period, the silt con- 
tained geochemical signatures from all 
three of the West Antarctic bedrock re- 
gions, the team reported, suggesting con- 
tinuous ice-driven erosion. But in a section 
dated to the early Eemian, the fingerprints 
winked out: first from the Pine Island Gla- 
cier, then from the Amundsen province. 
That left only silt from the mountainous 
peninsula, where glaciers may have per- 
sisted. “We don’t see any sediments com- 
ing from the much larger West Antarctic 
Ice Sheet, which we’d interpret to mean 
that it was gone. It didn’t have that erosive 
power anymore,” Carlson says. 

He concedes that the dating of the core is 
not precise, which means the pause in ero- 
sion may not have taken place during the 
Eemian. It is also possible that the pause it- 
self is illusory—that ocean currents tempo- 
rarily shifted, sweeping silt to another site. 

More certainty is on the way. Next 
month, the International Ocean Discov- 
ery Program’s JOIDES Resolution research 
ship will begin a 3-month voyage to drill at 
least five marine cores off West Antarctica. 
“That’s going to be a great test,” Carlson 
says. Meanwhile, he hopes to get his own 
study published in time to be included in 
the next United Nations climate report. In 
the 2001 and 2007 reports, West Antarctic 
collapse was not even considered in esti- 
mates of future sea level; only in 2013 did 
authors start to talk about an Antarctic sur- 
prise, he says. Research is due by December 
2019. “We gotta beat that deadline.” 
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Fossils push back origin of key 
plant groups millions of years 


Finds from Middle East point to the dry tropics as cradle for 
plant evolution 250 million years ago 


By Elizabeth Pennisi 


aleobotanists exploring a site near 

the Dead Sea have unearthed a star- 

tling connection between today’s 

conifer forests in the Southern Hemi- 

sphere and an unimaginably distant 

time torn apart by a global cataclysm. 
Exquisitely preserved plant fossils show the 
podocarps, a group of ancient evergreens 
that includes the massive yellowwood of 
South Africa and the red pine of New Zea- 
land, thrived in the Permian period, more 
than 250 million years ago. That’s tens of 
millions of years earlier than thought, and 
it shows that early podocarps survived the 
“great dying” at the end of the Permian, 
the worst mass extinction the planet has 
ever known. 

Reported on p. 1414, the fossils push 
back the origins not just of podocarps, but 
also of groups of seed ferns and cycadlike 
plants. Beyond altering notions of plant 
evolution, the discoveries lend support to 
a 45-year-old idea that the tropics serve 
as a “cradle” of evolution. “This is an ex- 
citing paper,’ says Douglas Soltis, a plant 
evolutionary biologist at the University 
of Florida (UF) in Gainesville. By reveal- 
ing the richness of the Permian tropics, 
he adds, “The findings may also help re- 
searchers decide where to look for crucial 
fossil discoveries.” 
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During the Permian, from 299 million to 
251 million years ago, Earth’s landmasses had 
merged to form a supercontinent, bringing a 
cooler, drier climate. Synapsids, thought to 
be ancient predecessors of mammals, and 
sauropsids, ancestors to reptiles and birds, 
roamed the landscape. Simple seed-bearing 
plants had already appeared on the scene. 
Family trees reconstructed from the genomes 
of living plants suggest more sophisticated 
plant groups might also have evolved during 
the Permian, but finding well-preserved plant 
fossils from that time has been difficult. 

About 50 years ago, a German geologist 
described the Umm Irna formation, a series 


Freed from rock by a strong acid, this fossilized frond 
preserves enough detail to identify it as a seed fern. 


This fossilized twig of a podocarp conifer dates back 
to the Permian, much earlier than expected. 


of sedimentary layers exposed along the 
Jordanian coast of the Dead Sea. Working 
at the site in the early 2000s, paleontologist 
Abdalla Abu Hamad, now with the Univer- 
sity of Jordan in Amman, discovered some 
exquisitely preserved plants from Permian 
swamps and drier lowlands. 

After moving to the University of Miin- 
ster in Germany for a Ph.D., he teamed 
up with paleobotanists there to analyze 
hundreds of newly collected plant fossils, 
including leaves, stems, and reproductive 
organs. Many of the fossils preserve the 
ancient plants’ cuticle, a waxy surface layer 
that captures fine features, such as the leaf 
pores called stomata. That made it possible 
for the team to positively identify many of 
the plants. 

“At first, we couldn’t really believe our 
eyes,” Benjamin Bomfleur, a study co- 
author at the University of Minster, recalls. 
Many were plants thought have gotten their 
start later in the Mesozoic, the period when 
dinosaurs ruled. Along with the podocarps, 
they identified corystosperms, seed ferns 
common in the dinosaur age but extinct 
now, and cycadlike Bennettitales, another 
extinct group that had flowerlike reproduc- 
tive structures. 

Such finds could help resolve an ongo- 
ing debate about why the tropics have more 
species than colder latitudes do. Some have 
suggested that species originate at many 
latitudes but are more likely to diversify in 
the tropics, with its longer growing seasons, 
higher rainfall and temperatures, and other 
features. But another theory proposes that 
most plant—and animal—species actually 
got their start near the equator, making 
the low latitudes an evolutionary “cradle” 
from which some species migrate north and 
south. The new work “supports the idea of 
the evolution cradle,” Bomfleur says. Philip 
Mannion, a paleontologist at Imperial Col- 
lege London agrees, but says the case is not 
fully settled. “Our sampling of the fossil 
record is extremely patchy throughout geo- 
logical time and space,” he cautions. 

It’s not clear how the newfound Permian 
plants made it through the great dying, a 
100,000-year period when, for reasons that 
are still unclear, 90% of marine life and 
70% of life on land disappeared. But their 
presence in the Permian raises the possibil- 
ity that other plant groups thought to have 
later origins actually emerged then in the 
tropics, says UF plant evolutionary biologist 
Pamela Soltis. If these select plants survived 
the mass extinction, she says, “Perhaps the 
communities they supported may have 
been more stable as well.” & 
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NEUROLOGY 


Link to Alzheimer's seen in nodding syndrome 


Protein tangles hint that childhood illness is a degenerative disease of the brain 


By Laura Spinney 


disease mystery with no shortage of 

leads now has an intriguing new one. 

Since the 1960s, thousands of chil- 

dren in poor, war-torn regions of East 

Africa have developed epilepsy-like 

seizures in which their heads bob to 
their chest; over time, the seizures worsen, 
cognitive problems develop, and the victims 
ultimately die. Researchers have proposed 
causes for nodding syndrome that include 
malnutrition, parasites, and viruses, but 
have not proved a clear link to any of them. 
Now, the first published examination of the 
brains of children who died 
after developing the condition 
suggests it has a key similarity 
to certain brain diseases of old 
age, such as Alzheimer’s and 
Parkinson’s: It leaves victims’ 
brains riddled with fibrous 
tangles containing a protein 
called tau. 

“Nodding syndrome is a 
tauopathy,’ concludes Michael 
Pollanen, a pathologist at the 
University of Toronto in Can- 
ada who is lead author of a 
report published last month 
in Acta Neuropathologica. 
Pollanen believes the finding 
“suggests a totally new line 
of investigation” into the syn- 
drome. As significant as the 
discovery of the tangles may be what his 
group of Canadian and Ugandan research- 
ers didn’t find: any sign of the brain inflam- 
mation that might be triggered by a parasite 
or virus. “Our hypothesis is that nodding 
syndrome is a neurodegenerative disease, 
like Alzheimer’s,” Pollanen says. 

Some who study the condition are skep- 
tical, but the possibility excites researchers 
working on other tauopathies including 
Alzheimer’s. Childhood forms of those dis- 
eases are exceedingly rare, but the nodding 
syndrome finding “means [tau deposition] 
is not an age-dependent problem,” says John 
Hardy, of the UK Dementia Research Insti- 
tute at University College London. Some- 
thing else must have triggered the tauopathy 
in these children. And because nodding syn- 
drome struck a small region of East Africa, 
over a specific time period—in Uganda, the 
condition appears to be vanishing—its trig- 
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A 2012 image from Uganda sho' 


ger might be relatively easy to identify, and 
could shed light on the causes of diseases 
like Alzheimer’s, Hardy and others say. 
First, though, the researchers need to 
convince others who have studied nodding 
syndrome for years that they are right. 
Originally reported in Tanzania, the dis- 
ease spread to what is now South Sudan 
in the 1990s and to northern Uganda after 
1998. Uganda has reported 3000 cases, but 
no new ones since 2014. The current study 
was done on the brains of five Ugandan 
children who fell ill while living in camps 
for internally displaced persons between 
2005 and 2010, when Joseph Kony’s Lord’s 
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Resistance Army was terrorizing the re- 
gion, and later died. 

The brains are among a dozen obtained 
by U.S. and Ugandan researchers between 
2014 and 2017, overcoming challenges such 
as persuading relatives, harvesting the or- 
gans promptly after death, and transport- 
ing them from remote areas in a tropical 
climate. Initial investigations done in the 
United States were never published—it’s not 
clear why—and the brains were returned to 
Uganda, where Pollanen’s group studied all 
12. They hope to publish their analyses of 
the remaining seven soon. 

The current paper is thin on detail and 
lacks important controls, cautions neuro- 
logist Avindra Nath of the U.S. National In- 
stitute of Neurological Disorders and Stroke 
in Bethesda, Maryland, who has studied 
nodding syndrome. It does not describe the 
brain pathology in children from the same 


ws an 11-year-old boy suffering from nodding syndrome. 


population who died of other forms of epi- 
lepsy, for example. 

Robert Colebunders, an infectious dis- 
ease expert at the University of Antwerp in 
Belgium who has long worked on nodding 
syndrome, says he has still-unpublished post- 
mortem findings from seven children who 
fell ill at the same time, in the same camps, 
but survived longer because they received 
better care and experienced fewer seizures. 
None of them shows tauopathy, he says. “My 
conclusion is that tau [deposition] is a conse- 
quence of seizures, not a cause.” 

Colebunders favors a long-standing theory 
that the ultimate cause of nodding syndrome 
is infection by a parasitic 
worm called Onchocerca vol- 
oulus, which is endemic to 
the same regions. There is no 
evidence that the worm itself 
penetrates the brain, but last 
year, Nath and others pro- 
posed that a protein in the 
worm triggers the produc- 
tion of antibodies that attack 
a similar protein on neu- 
rons, in a misdirected auto- 
immune response (Science, 
17 February 2017, p. 678). 

It’s dangerous to propose 
that nodding syndrome is a 
neurodegenerative disease, 
Colebunders says, because it 
could divert resources away 
from much-needed efforts to 
eradicate the worm and to improve care for 
children with the illness. “With good care and 
nutrition, the epilepsy can be controlled and 
the children can go back to school without 
suffering any cognitive deficit,’ he says. 

But Peter Spencer, a neurotoxicologist at 
Oregon Health & Science University in Port- 
land, suspects the worm is a bystander. He 
suggests it opportunistically infects people 
who have another condition that also triggers 
seizures and tau deposition. How it all fits to- 
gether is unclear, but tau gives investigators 
one more piece of the puzzle, Spencer says. 
“We have an opportunity here to discover the 
primary cause of this disease, and then to do 
primary prevention.” Not only will that ben- 
efit affected children, Spencer adds, “It will 
potentially open up our understanding of 
other tauopathies, too.” 


Laura Spinney is a journalist in Paris. 
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OCEAN SCIENCE 


‘Five Deeps’ mission to explore 
mysterious ocean trenches 


Crewed sub aims to spot new species and gather rocks 


By Erik Stokstad 


e scaled Mount Everest and the high- 

est peaks on the six other continents. 

He skied to the North and South 

poles. Now, Victor Vescovo, the multi- 

millionaire co-founder of a private 

equity company in Dallas, Texas, 
wants to be first person to visit the deepest 
point in each of the five oceans. This week, 
Vescovo was set to complete the first dive in 
the yearlong Five Deeps Expedition, piloting 
a titanium-alloy, 12.5-ton submersible down 
8408 meters to the deepest part of the Atlan- 
tic Ocean, in the Puerto Rico Trench. 

Five Deeps may look like a vanity project, 
but for scientists it is a rare opportunity to 
study inaccessible, mysterious places. “If 
there wasn’t this rich guy, there is not any 
funding agency that would be willing to 
spend so much money to visit all those areas,” 
says Ann Vanreusel, a deep-sea biologist at 
Ghent University in Belgium. The expedition 
will yield high-resolution maps that could 
offer clues about how ocean trenches form 
when tectonic plates plunge into the mantle. 
The dives are also sure to spot new species, 
which will give researchers a chance to com- 
pare the ecosystems that have evolved in 
these isolated, exotic habitats. “Great insights 
could come when we can start comparing 
these ultradeep sites,” says Stuart Piertney, 
an evolutionary biologist at the University of 
Aberdeen in the United Kingdom. 

The HMS Challenger Expedition, a pio- 
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neering voyage in the 1870s, showed that 
life exists across the deep ocean by trawl- 
ing and dredging up creatures from as deep 
as 8000 meters. Since then, research trawls 
have netted cutthroat eels, snailfish, and 
other animals adapted to the cold and pres- 
sure. Some rely on bioluminescence to at- 
tract mates or prey in the darkness. Below 
8000 meters, sea cucumbers and giant crus- 
taceans called amphipods dominate. 
Firsthand exploration of the trenches 
has been limited. People have reached the 


In this submersible, two people can descend to 
11,000 meters and gather samples with a robotic arm. 


bottom of the Mariana Trench, the world’s 
deepest trench, only twice: in 1960, in the 
bathyscaphe Trieste, and in 2012, when 
movie director James Cameron descended 
in an $8 million custom submersible. In 
1964, a French submersible descended 8385 
meters to what was then thought to be the 
deepest part of the Puerto Rico Trench. The 
other three deeps have never been visited, 
although trenches elsewhere have been 
probed with remotely operated submers- 
ibles and autonomous landers. Landers can 
make measurements, record images, and 
collect samples before returning to the sur- 
face, but can’t be controlled or targeted. 

Alan Jamieson, a marine ecologist at New- 
castle University in the United Kingdom who 
designed some of these landers, now can 
visit multiple trenches himself, as the sci- 
ence leader for the Five Deeps Expedition. In 
March 2017, he received a cryptic phone call 
from Triton Submarines, a high-end manu- 
facturer in Sebastian, Florida. After signing a 
nondisclosure agreement, Jamieson learned 
that Vescovo had bought a 68-meter-long re- 
search vessel from the U.S. government and 
commissioned Triton to build a submersible 
capable of diving to 11,000 meters. Designed 
for quick descents and ascents, the Limiting 
Factor has three acrylic portholes, leather 
seats for Vescovo and a passenger, and cus- 
tom lithium batteries to power propellers for 
scooting along the sea floor. “When someone 
phones up and says, ‘We have a multi-multi- 
multi-million-dollar submarine that can do 
things that your own gear can’t; it seems like 
a logical step forward,” Jamieson says. 

A rotating cast of 15 collaborators will join 


Race to the bottoms 


The Five Deeps Expedition aims to reach every ocean's deepest trench and seven other deep sites in 11 months. 
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Jamieson on the mother ship, Pressure Drop. 
It has space for three scientists, a wet lab, and 
a $15 million multibeam sonar to map the 
sea floor and verify its deepest spots. 

Once a dive site is chosen, Vescovo will 
plunge in the sub, following three land- 
ers dropped several kilometers apart. The 
landers, which contain cameras and baited 
traps, collect water and sediment samples. 
They also emit acoustic beacons for the sub 
to follow on its seafloor traverses. Along 
the way, it will record video with four wide- 
angle, low-light cameras. Floodlights will 
help the crew collect rocks or slow-moving 
organisms with a manipulator arm. 

The sub can spend about a dozen hours 
at the bottom per dive, but the ship will 
linger only a few days at most sites. Even a 
cursory look could open windows on trench 
ecosystems. Examining specimens could 
reveal their adaptations, and genetic analy- 
sis back in Newcastle should yield evolu- 
tionary relationships of organisms from 
various trenches. Jamieson wants to know 
how species are influenced by temperature, 
depth, or the downward-drifting supply of 
food. He also wants to understand why fish 
in trenches seem to live shorter lives than 
those on the 6000-meter-deep abyssal plains. 
Jamieson thinks landslides and rockfalls in 
the steep-sided trenches may be taking a toll. 

The new high-resolution maps could also 
yield insights into how tectonic forces created 
the deepest parts of the trenches—revealing 
cliffs created by faults, for example—says 
Heather Stewart, a geologist with the British 
Geological Survey in Edinburgh, who will be 
visiting at least the first two trenches. Sam- 
pled minerals could provide estimates of the 
water that subducting tectonic plates take 
into the mantle. These water-bearing miner- 
als weaken the plates, perhaps reducing their 
potential for shallow earthquakes, and they 
also drive a deep water cycle in which water 
is swept into Earth’s interior and returned to 
the surface in volcanic eruptions. Rocks col- 
lected from known locations should be more 
informative than those hauled up randomly 
in a trawl, says Lara Kalnins, a marine geo- 
physicist at the University of Edinburgh. 
“They can take images and videos—all of this 
is context you ordinarily don’t get.” 

After the team leaves Puerto Rico this 
week, it will head for the South Sandwich 
Trench, in the Southern Ocean near Ant- 
arctica. Then comes the Indian Ocean and 
the Pacific, and finally the Arctic. For the 
final leg of the expedition, in September 
2019, Pressure Drop will sail up the Thames 
River to London, and Vescovo and Jamieson 
will give a lecture at the Royal Geographi- 
cal Society. Then Vescovo hopes to sell Pres- 
sure Drop, the sub, and the landers, slightly 
used, for $48.2 million. 
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FUSION ENERGY 


National Academies urges 


renewed commitment to fusion 
U.S. should stick with ITER, build a power plant, panel says 


By Adrian Cho 


he United States should prepare to 
build its own prototype fusion power 
plant, according to leading energy 
scientists. The compact power plant 
(CPP), able to produce sustained elec- 
tric power, would be a follow-up to 
ITER, an international megaproject under 
construction near Cadarache in France that 
aims to demonstrate that a fusion generator 
can produce more energy than it consumes. 
To be built in the 2030s, the CPP would be 
smaller and cheaper than ITER, says a report 
released last week by a committee of the Na- 
tional Academies of Sciences, Engineering, 
and Medicine. But it will 
depend on as yet unproven 
technologies and a long-shot 


of ITER’s, Cowley says. That field would 
squeeze the plasma to a pressure four times 
greater than ITER’s—and twice as great as 
the pressure in the ocean’s 11-kilometer- 
deep Mariana Trench. The quadrupled 
pressure would quell turbulence and limit 
heat loss, so that the CPP could shrink to 
one-eighth the volume but crank out twice 
as much power. Whereas ITER’s main mag- 
net coils are 9 meters wide, the CPP’s coils 
might be just 4 meters wide. 

The CPP will require major advances in 
materials, computing, and plasma physics. 
For example, whereas ITER’s main super- 
conducting magnet coils consist of con- 
ventional niobium-tin wire, the CPP would 
use coils made from exotic 
high-temperature super- 
conductors such as bismuth 


infusion of money. 

“The fundamental mes- 
sage is that the U.S. fusion 
program has to have an 


“What's the point 
of having a fusion 
program if you 


strontium calcium copper 
oxide. Those materials are 
relatively brittle ceram- 
ics. So far, researchers can 


asia Lash Magia don’t have a goal aca nie a ad Meas 
and generate some kilo- ores just centimeters wide, 
watts of power,’ says Steven to develop the not the meters needed for 
Cowley, director of the first fusion tokamak coils. 

Department of Energy’s I 9” To build the CPP, re- 
Princeton Plasma Physics power P ant: searchers will also need 


Laboratory in New Jersey, 
who was not on the panel. 
“What’s the point of having 
a fusion program if you don’t have a goal to 
develop the first fusion power plant?” 

In nuclear fusion, light nuclei fuse to form 
heavier ones and release energy. Physicists 
have struggled for decades to turn fusion 
into a practical source of power, generally by 
using intense magnetic fields in doughnut- 
shaped devices called tokamaks to confine 
and squeeze ionized gases, or plasmas, of 
deuterium and tritium so that the nuclei 
fuse to make helium. ITER will heat plasma 
to 150 million K and aims to be the first to- 
kamak to realize a net gain in energy. 

Researchers around the world have plans 
to build prototype power plants after ITER. 
For example, scientists in Europe want to 
build the Demonstration Power Station, a 
tokamak even bigger than ITER. In con- 
trast, the CPP would generate more power 
in a device a fraction of ITER’s size. 

To shrink the CPP, physicists would 
ramp up its magnetic field to twice that 


Steven Cowley, Princeton 
Plasma Physics Laboratory 


the knowledge they’ll gain 
from ITER, Cowley says. 
In the past, lawmakers in 
the U.S. Senate have called for the United 
States to withdraw from the project. But 
the report argues against a pullout, noting 
that the country would first have to build 
its own version of ITER before launching 
the CPP. “There is no shortcut” around 
ITER, says Michael Mauel, a fusion physi- 
cist at Columbia University and co-chair of 
the report panel. 

To realize the committee’s vision, the 
report also calls for increasing U.S. fund- 
ing for fusion research by $200 million 
per year, a 35% increase over the current 
$564 million annual budget. “Adding 
$200 million [per year] for 2 decades is an 
extremely unlikely scenario,’ says William 
Madia, a vice president at Stanford Uni- 
versity in Palo Alto, California. However, 
one Democratic staffer in the House of 
Representatives says, “I wouldn’t say that 
these numbers are wildly out of step with 
what’s possible.” 
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development in stunning detail 2, riizabeth Pennisi 


1344 


rom at least the time of Hippocrates, 
biologists have been transfixed by 
the mystery of how a single cell de- 
velops into an adult animal with 
multiple organs and billions of cells. 


The ancient Greek physician hypoth- 
esized that moisture from a mother’s 
breath helps shape a growing infant, 
but now we know it is DNA that ul- 
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timately orchestrates the processes by which 
cells multiply and specialize. Now, just as a 
music score indicates when strings, brass, 
percussion, and woodwinds chime in to cre- 
ate a symphony, a combination of techno- 
logies is revealing when genes in individual 
cells switch on, cueing the cells to play their 
specialized parts. The result is the ability to 
track development of organisms and organs 


» 
. 


ee 


in stunning detail, cell by cell and through 
time. Science is recognizing that combination 
of technologies, and its potential for spurring 
advances in basic research and medicine, as 
the 2018 Breakthrough of the Year. 

Driving those advances are techniques 
for isolating thousands of intact cells from 
living organisms, efficiently sequencing ex- 
pressed genetic material in each cell, and 
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Arepresentation of cell lineages in a zebrafish embryo, 
color-coded by time. The first cells are gray; 
by 6 hours (gold), three major branches have formed. 


using computers, or labeling the cells, to 
reconstruct their relationships in space and 
time. That technical trifecta “will transform 
the next decade of research,” says Nikolaus 
Rajewsky, a systems biologist at the Max 
Delbriick Center for Molecular Medicine in 
Berlin. This year alone, papers detailed how 
a flatworm, a fish, a frog, and other organ- 
isms begin to make organs and appendages. 
And groups around the world are applying 
the techniques to study how hu- 
man cells mature over a lifetime, 
how tissues regenerate, and how 
cells change in diseases. 

The ability to isolate thousands 
of individual cells and sequence 
each one’s genetic material gives 
researchers a snapshot of what 
RNA is being produced in each cell 
at that moment. And because RNA sequences 
are specific to the genes that produced them, 
researchers can see which genes are active. 
Those active genes define what a cell does. 

That combination of techniques, known 
as single-cell RNA-seq, has evolved over the 
past few years. But a turning point came 
last year, when two groups showed it could 
be done on a scale large enough to track 
early development. One group used single- 
cell RNA-seq to measure gene activity in 8000 
cells extracted at one time point from fruit fly 
embryos. About the same time, another team 
profiled gene activity of 50,000 cells from one 
larval stage of the nematode Caenorhabditis 
elegans. The data indicated which proteins, 
called transcription factors, were guiding the 
cells to differentiate into specialized types. 

This year, those researchers and others 
performed even more extensive analyses on 
vertebrate embryos. Using a variety of sophis- 
ticated computational methods, they linked 
single-cell RNA-seq readouts taken at differ- 
ent time points to reveal the turning on and 
off of sets of genes that defined the types of 
cells formed in those more complex organ- 
isms. One study uncovered how a fertilized 
zebrafish egg gives rise to 25 cell types; an- 
other monitored frog development through 
early stages of organ formation and deter- 
mined that some cells begin to specialize ear- 
lier than previously thought. “The techniques 
have answered fundamental questions re- 
garding embryology,’ says Harvard Univer- 
sity stem cell biologist Leonard Zon. 

Researchers interested in how some ani- 
mals can regrow limbs or whole bodies have 
also turned to single-cell RNA-seq. Two 
groups studied gene expression patterns in 
aquatic flatworms called planaria—among 
biology’s champion regenerators—after they 
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had been cut into pieces. The scientists dis- 
covered new cell types and developmental 
trajectories that emerged as each piece re- 
grew into a whole individual. Another group 
traced the genes that switched on and off in 
axolotls, a type of salamander, that had lost 
a forelimb. The researchers found that some 
mature limb tissue reverted to an embryonic, 
undifferentiated state and then underwent 
cellular and molecular reprogramming to 
build a new limb. 

Because cells must be removed from an 
organism for single-cell sequencing, that 
technique alone can’t show how those cells 
interact with their neighbors or 
identify the cells’ descendants. 
But by engineering markers into 
early embryonic cells, research- 
ers can now track cells and their 
progeny in living organisms. At 
least one team exposes early em- 
bryos to mobile genetic elements 
that carry genes for different 
colored fluorescent tags, which randomly 
settle into the cells, imparting different col- 
ors to each cell lineage. Other teams have 
harnessed the gene-editing technique called 
CRISPR to mark the genomes of individual 
cells with unique barcodelike identifiers, 
which are then passed on to all their de- 
scendants. The gene editor can make new 
mutations in progeny cells while retaining 
the original mutations, enabling scientists 
to track how lineages branch off to form 
new cell types. 

By combining those techniques with sin- 
gle-cell RNA-seq, researchers can both moni- 
tor the behavior of individual cells and see 
how they fit into the organism’s unfolding 
architecture. Using that approach, one team 
determined the relationships of more than 
100 cell types in zebrafish brains. The re- 
searchers used CRISPR to mark early em- 
bryonic cells, then isolated and sequenced 
60,000 cells at different time points to track 
gene activity as the fish embryo developed. 

Other groups are applying similar tech- 
niques to track what happens in developing 
organs, limbs, or other tissues—and how 
those processes can go wrong, resulting in 
malformations or disease. “It’s like a flight 
recorder, where you are watching what went 
wrong and not just looking at a snapshot at 
the end,’ says Jonathan Weissman, a stem 
cell biologist at the University of California, 
San Francisco. “We can ask questions at a 
resolution that was just not possible before.” 

Although those technologies cannot be 
used directly in developing human embryos, 
researchers are applying the approaches to 
human tissues and organoids to study gene 
activity cell by cell and characterize cell 
types. An international consortium called 
the Human Cell Atlas is 2 years into an effort 
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Our readers weigh in with their picks 
for the top breakthrough of 2018 


Visitors to Science's website are 

in agreement with the magazine's 
reporters and editors: Development cell 
by cell is the Breakthrough of the Year. 

We invited online readers to 
vote on a dozen candidates for the 
breakthrough. The first round of voting 
narrowed the choices to four, anda 
second round, in which more than 
12,000 votes were cast, determined 
the top People’s Choice. 

The combination of techniques 
that enables scientists to track 
development at the cellular level, 
in stunning detail and over time, was 
the clear winner. The approval of a 
gene-silencing drug after 20 years 
of development took second place, 
followed by the detection of a neutrino 
traced to a source outside our galaxy. 
The fourth contender, a set of images 
of the fruit fly brain showing individual 
synapses, just missed Science's top 10. 


1 Development cell by cell 35% 
2 RNAi drug approved 30% 
3 Neutrinos from a blazar 23% 


4 Flybrain revealed 12% 


to identify every human cell type, where each 
type is located in the body, and how the cells 
work together to form tissues and organs. 
Already, one project has identified most, if 
not all, kidney cell types, including ones that 
tend to become cancerous. Another effort 
has revealed the interplay between maternal 
and fetal cells that allows pregnancy to pro- 
ceed. And a collaboration of 53 institutions 
and 60 companies across Europe, called the 
LifeTime consortium, is proposing to har- 
ness single-cell RNA-seq in a multipronged 
effort to understand what happens cell by 
cell as tissues progress toward cancer, diabe- 
tes, and other diseases. 

High-resolution movies of development 
and disease will only get more compelling. 
Papers already posted online extend devel- 
opment studies to ever-more-complex or- 
ganisms. And researchers hope to combine 
single-cell RNA-seq with new microscopy 
techniques to see where in each cell its dis- 
tinctive molecular activity takes place and 
how neighboring cells affect that activity. 

The single-cell revolution is just starting. 


21 DECEMBER 2018 + VOL 362 ISSUE 6421 1345 


Ice age impact 


The asteroid slammed into northwestern 
Greenland like a fusillade of nuclear bombs, 
instantly vaporizing rock and sending 
shock waves across the Arctic. The scar it 
left—a 31-kilometer-wide impact crater 
called Hiawatha—is big enough to hold 
Washington, D.C. Scientists reported the 
startling discovery in November, after 
aircraft radar revealed the crater lurking 
beneath the kilometer-thick ice sheet. 
Hiawatha crater is one of the 25 largest 
on Earth. Though not as cataclysmic as the 
dinosaur-killing Chicxulub impact, which 
carved out a 200-kilometer-wide crater in 
Mexico 66 million years ago, the Hiawatha 
impact could have had a powerful effect 
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on the global climate. Meltwater from the 
impact, pouring into the north Atlantic 
Ocean, could have sent temperatures 
plunging by halting a conveyor belt 

of currents that brings warmth to north- 
west Europe. 

The radar images suggest Hiawatha is 
exceptionally fresh, dating from the past 
100,000 years. And a disturbance in 
the crater’s deep ice hints that the asteroid 
may have struck as recently as 13,000 
years ago. That would tie the impact to 
the Younger Dryas, a thousand-year global 
cooling event that began just as the world 
was thawing from the last ice age. It would 
also vindicate proponents of the controver- 
sial Younger Dryas impact theory. A decade 
ago, they proposed that extraterrestrial im- 
pacts could account for hints of mayhem in 


toward Greenland. 


p.? 


the archaeological and geological record. 
But they could never point to a crater. 

The timing of this impact is far from 
settled. Ice cores elsewhere on Greenland, 
which record the past 100,000 years, 
contain no signs of impact debris. A firm 
answer will depend on painstaking work 
to tease dates from the radioactive clocks 
in tiny mineral crystals swept from under 
the ice. 

If they show the Hiawatha impact did 
occur 13,000 years ago, it would have 
come just as humans were fanning across 
a new continent, chasing mastodons 
around North America. It is tempting 
to imagine their thoughts as they looked 
up to see the searing white orb of the 
impactor, four times brighter than the sun. 
—Eric Hand 
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An archaic human ‘hybrid’ 


A fragment of bone from a woman who lived more than 50,000 years ago has revealed a 
startling connection between two extinct groups of archaic humans. Ancient DNA extracted 
from the bone, found in a cave in Siberia in 2012, showed the woman’s mother was 

a Neanderthal and her father was a Denisovan, the mysterious group of ancient humans 
whose remains were discovered in the same cave in 2011. 

Researchers knew Denisovans, Neanderthals, and modern humans interbred, at least 
occasionally, in ice age Europe and Asia. The genes of both types of archaic human are present 
in Asian and European people today. And other fossils found in the Siberian cave have shown 
members of all three groups lived there at different times. But the new finding is intimate 
testimony of an encounter between a Denisovan and a Neanderthal. 

After sequencing DNA from the bone, researchers at the Max Planck Institute for Evolution- 
ary Anthropology in Leipzig, Germany, found it came from a female, and that her gnome 
matched those of Denisovans and Neanderthals in roughly equal measure. That could have been 
because her parents themselves had mixed ancestry. But her chromosome pairs harbored differ- 
ent variants—so-called heterozygous alleles—of nearly half her genes, suggesting the maternal 
and paternal chromosomes came from different kinds of humans. Her mitochondrial DNA, 
which is almost entirely inherited from the mother, was uniformly Neanderthal, so the research- 
ers concluded she was a first generation hybrid of a Denisovan male and Neanderthal female. 

A closer look at the genome suggested her father also had some Neanderthal ancestry. 

In another telltale finding, the woman’s Neanderthal genes are closer to those of a Neander- 
thal found in Croatia than to those of earlier Neanderthal inhabitants of the Denisova Cave. 
That suggests, the authors say, that distinct groups of Neanderthals migrated back and forth be- 
tween western Europe and Siberia multiple times. Along the way, apparently, they freely spread 
their genes to outsiders. Why did Denisovans and Neanderthals remain genetically distinct? 
Geographic barriers probably played a role, but researchers need more ancient DNA from 
different sites to understand the true influence of these prehistoric couplings. —Gretchen Vogel 


A bone fragment found in a cave in the Denisova valley in Russia. 


How cells marshal their contents 


How do multiple actors inside a cell get to- 
gether at the right place and time to perform 
critical functions? Often the answer, bio- 
logists are coming to realize, is liquid drop- 
lets. Unseen until recently, they are show- 
ing up everywhere in cells, organizing (and 
sometimes gumming up) the works. 

Tens of thousands of proteins and other 
molecules populate the cytoplasm, the thick 
liquid that surrounds the cell nucleus, often 
jostling each other and reacting to perform 
the tasks of life, from breaking down nutri- 
ents to liberating energy to recycling waste. 
Beginning in 2009, researchers discovered 
that many proteins separate, or condense, 
into discrete droplets, concentrating their 
contents, especially when the cell is respond- 
ing to stress. This “liquid-liquid phase separa- 
tion,’ analogous to the “demixing” of oil and 
vinegar in a vinaigrette salad dressing, is now 
one of the hottest topics in cell biology, as 
evidence accumulates that it promotes criti- 
cal biochemical reactions and appears to be 
a basic organizing principle of the cell. 

Two 2017 papers in Nature had shown liq- 
uid protein droplets in the cell nucleus help 
compact regions of the genome, silencing 


the genes within. This year, three papers 
in Science pointed to an even bigger role 
for phase separation. They showed pro- 
teins that drive the transfer of the genetic 
code from DNA to RNA—the first step in 
making new proteins—can condense into 
droplets that attach to the DNA. Details 
remain to be worked out, but these studies 
reveal a role for phase separation in one of 
life’s fundamental mysteries, the selective 
expression of genes. 

Biophysicists are working out how these 
droplets form. Certain classes of proteins 
trail spaghettilike tails that interact to 
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trigger the condensation. But when the 
process goes awry, what should be a liquid 
can become a gel, and a gel can solidify, 
forming the kinds of aggregates seen in 
neurodegenerative diseases such as amyo- 
trophic lateral sclerosis. A March Science 
paper showed this happening when such 
proteins are improperly excluded from the 
cell nucleus. In April, four papers in Cell 
revealed possible measures for dissolving 
the toxic aggregates, and several labs are 
now trying to exploit this knowledge to dis- 
cover drugs for treating neurodegenerative 
diseases. —Ken Garber 


Ken Garber is a journalist in 
Ann Arbor, Michigan. 


Liquid droplets formed from protein and RNA are emerging as a new form of cellular organization. 
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BREAKTHROUGH OF THE YEAR RUNNERS-UP 


Forensic genealogy comes of age 


In April, police announced they had arrested a suspect in one of the coldest of cold 
cases: a Series Of rapes and murders in California in the 1970s and 1980s. It was a 
stunning development, and so was the way investigators fingered the alleged Golden 
State Killer. They identified his relatives by uploading a profile of DNA recovered 
from one of the crime scenes to a public genealogy DNA database. Law enforcement 
agencies have since used this strategy to crack about 20 other cold cases, ushering in 


a new field: forensic genealogy. 


Private DNA websites such as Ancestry and 23andMe contain millions of profiles 
that can be used to find a person’s relatives from bits of shared DNA, but police need 
a court order to search them. In the Golden State Killer case, authorities turned to a 
public, no-frills online database called GEDMatch, run by two amateur genealogists 
in Texas and Florida, to which anyone can submit DNA test results. Investigators 
uploaded a DNA profile from a rape kit to the database, and found several distant 
relatives of the perpetrator. Working with a genealogist, they then used public 
records to construct large family trees and homed in on 73-year-old Joseph James 
DeAngelo, whose age and location fit some of the crimes. When tests showed the 
crime scene DNA matched DNA from DeAngelo’s car door handle and a discarded 


tissue, they had their suspect. 


This fall, geneticists reported that 60% of Americans of European descent (who 
make up most ancestry site users) would have a third cousin or closer match in a 
database with 1 million samples, about the size of GEDMatch. Once a database 
reaches 3 million profiles, more than 90% of white individuals could be found with 
similar methods—even if they have never had their DNA tested. All this has alarmed 
some ethicists and geneticists who see these familial searches as an invasion of 
privacy with a potential for misidentifying suspects. —Jocelyn Kaiser 


Joseph James DeAngelo, the alleged Golden State Killer. 


Molecular windows into primeval worlds 


This year, scientists detected molecular 
traces from creatures that lived more than 
half a billion years ago, sharpening their 
picture of the mysterious world that gave 
rise to some of Earth’s first animals and 
pushing such molecular paleontology back 
several hundred million years. They detected 
the signatures of fat molecules in some of 
the strangest fossils known, the enigmatic 
life forms called the Ediacarans, and mo- 
lecular evidence of sponges from long before 
they appear in the fossil record. 

For more than 70 years, scientists have 
puzzled over the bewildering shapes of 
Ediacaran fossils. Some resemble leaves or 
fronds; others look like no other organisms 
that have ever lived on Earth. Were the 
ancient ocean dwellers plants? Animals? 

Or some entirely separate form of life that 
failed to survive? 

Researchers at Australian National Uni- 
versity in Canberra wondered whether they 
could extract chemical clues from some ex- 
ceptional fossils that, despite being 550 mil- 
lion years old, still preserve a film of what 
looks like organic material. These fossils 
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come from a cliff on the shore of the White 
Sea in northwestern Russia, where the rocks 
have escaped the heat and pressure that can 
obliterate such molecular traces. 


cholesterol-like molecules, a signature of animal life. 


Researchers first tested the idea on a 
collection of small, round Ediacaran fossils 
called Beltanelliformis. They removed the 
film from the rock, dissolved it, and used 
gas chromatography and mass spectro- 
metry to look for preserved organic mol- 
ecules. They found high levels of hopanes, 
molecules that suggested the balls were 
colonies of cyanobacteria, the research- 
ers reported in January. That success gave 
them the nerve to try the technique on 
a fossil of a creature called Dickinsonia, 
one of the most famous Ediacaran species. 
Oval-shaped and about half a meter long, it 
resembles a quilted bath mat. In Septem- 
ber, the team reported that the Dickinsonia 
fossil contained traces of cholesterol-like 
molecules, a signature of animal life. That 
fits with other evidence suggesting at least 
some Ediacarans were among the earliest 
animals on Earth. 

In October, another team found traces 
of molecules that today are made only by 
sponges, in rock layers between 660 million 
and 635 million years old. The finding sug- 
gests sponges, another form of animal life, 
might have evolved 100 million years earlier 
than their oldest recognizable fossils. 
—Gretchen Vogel 
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2 PEOPLE’S CHOICE 


Gene-silencing 
drug approved 


A drug based on a gene-silencing mech- 
anism called RNA interference (RNAi) 
won regulatory approval this year. The 
long-awaited step could be the harbinger 
of a new class of drugs targeting disease- 
causing genes. 

Twenty years ago, two U.S. geneticists 
discovered that short RNA molecules 
can disrupt the translation of genes by 
attaching to the messenger RNA that 
carries a gene’s message to the cell’s 
proteinmaking machinery. The advance 
won them a Nobel Prize, but efforts to 
turn it into medicine quickly hit hurdles. 
Scientists struggled to keep the fragile 
RNA molecules intact and direct them 
to the right tissue. By 2008, research- 
ers at Cambridge, Massachusetts-based 
Alnylam Pharmaceuticals thought they 
had a solution: a lipid nanoparticle that 
would protect the gene-silencing RNA 
and ferry it to the liver. There, they 
hoped, it could treat a rare disease called 
hereditary transthyretin amyloidosis by 
blocking the production of a misfolded 
protein that builds up and causes heart 
and nerve damage. 

“We set off with great haste and enthu- 
siasm,’ says Akshay Vaishnaw, Alnylam’s 
president of R&D. But the new nano- 
particle didn’t release enough RNA into 
liver cells to knock down the problem 
gene effectively in all patients. A more po- 
tent formulation worked in human trials 
and became the intravenous drug Onpat- 
tro, which won clearance from U.S. and 
EU regulators this year and hit the market 
with a $450,000-per-year list price. 

The approval, along with the 2016 ap- 
proval of a different class of RNA-based 
drug, has invigorated the field, says 
Frank Slack, a developmental biologist at 
Beth Israel Deaconess Medical Center in 
Boston who studies another type of 
small RNA molecule. Many RNAi re- 
searchers are now shifting their attention 
to a newer delivery method: hooking 
chemically stabilized RNA onto a sugar 
molecule that homes in on the liver. Al- 
nylam has developed a similar approach 
to target tissues beyond the liver, such 
as the eye and the central nervous system. 
Getting RNA to accumulate in certain 
tissues, including the heart, will be a 
challenge, says Slack, but Alnylam’s suc- 
cess “has just opened the flood gates.” 
—Kelly Servick 
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Short RNA molecules 
attach to messenger 

RNA (blue), preventing 
translation into proteins. 


Molecular structures made simple 


Two research teams simultaneously published papers in October revealing a 
new way to determine the molecular structures of small organic compounds 
in just minutes, rather than the days, weeks, or months required by tradi- 
tional methods. 

For decades, the gold standard for molecular mapping has been a technique 
known as x-ray crystallography, which involves firing a beam of x-rays at a 
crystal containing millions of copies of a molecule lined up in a common orien- 
tation. Researchers then track the way x-rays bounce off the crystal to identify 
individual atoms and assign them positions in the molecule. The structures are 
invaluable for understanding how biological molecules behave and how drugs 
interact with them. But the technique requires growing crystals about the size of 
a grain of sand, which can be a major hurdle for some substances. 

In recent years, researchers have modified the diffraction technique by replac- 
ing the x-rays with an electron beam. The electron beam is aimed at a sheetlike 
2D crystal of the target biomolecule, usually a protein. But in some cases, those 
sheets stack atop one another, creating a 3D crystal that doesn’t work for ordi- 
nary electron diffraction and is too small for x-ray diffraction. 

Two research teams—one in the United States, the other in Germany and 
Switzerland—found they could use such accidental crystals after all. They fired 
an electron beam at a tiny 3D crystal on a rotating stage and tracked how the 
diffraction pattern changed with each slight turn. The technique generated mo- 
lecular structures in minutes—from microscopic crystals just one-billionth the 
size required for x-ray studies. 

Well-suited for mapping small molecules such as hormones and potential 
drugs, the new technique should have a profound impact on fields ranging 
from the synthesis and discovery of new pharmaceuticals to the design of 
molecular probes to study and track diseases. —Robert F. Service 
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Structures can now be gleaned from micrometer-size crystals 
(black), seen here on an electron microscope slide. 
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Messengers from a far-off galaxy 


New kinds of messengers from the distant 
universe are joining the photons collected 
by telescopes—and revealing what light can’t 
show. So-called multimessenger astrophysics 
got started with high-speed particles called 
cosmic rays and gravitational waves, the 
ripples in space-time first detected in 2015 
that Science named Breakthrough of the 
Year in 2016. This year, another messenger 
has joined the party: neutrinos, tiny, almost 
massless particles that are extraordinarily 
hard to detect. 

Snaring one of these extra-galactic will-o- 
the-wisps took a cubic kilometer of ice deep 
below the South Pole, festooned with light 
detectors to record the faint flash triggered— 
very rarely—by a neutrino. Known as Ice- 
Cube, the massive detector has logged many 
neutrinos before, some from outside the 
Milky Way, but none had been pinned 
to a particular cosmic source. Then, on 
22 September 2017, a neutrino collided with 
a nucleus in the ice, and the light sensors got 
a good fix on the direction it had come from. 

An alert sent out to other telescopes 
produced, after a few days, a match. As the 


researchers reported in July, NASA’s Fermi 
Gamma-ray Space Telescope found an in- 
tensely bright source known as a blazar right 
where the neutrino appeared to come from. 
A blazar is the heart of a galaxy centered on 
a supermassive black hole, whose gravity 
heats up gas swirling around it, causing the 
material to glow brightly and fire jets of 
particles out of the maelstrom. 

Researchers are pretty sure the blazar, 
which was flaring up at the time of the 
detection, is the source of the neutrino— 
making it the first time a neutrino telescope 
has identified an extra-galactic source. But 
the discovery is more than just a proof of 
principle. A blazar producing gamma rays 
and neutrinos is likely producing other high- 
energy particles, too, such as protons. These 
ultra-high-energy cosmic rays bombard 
Earth from time to time, but their source has 
been a mystery. Now, blazars are a suspect. 

The IceCube team awaits more fleeting 
extra-galactic messengers. But having wel- 
comed this first visitor, it is making its case 
for an enlarged detector enclosing 10 times 
the current volume of ice. —Daniel Clery 


ILLUSTRATION: DARIA KIRPACH/@SALZMANART 


#Meloo makes 
a difference 


Sexual harassment in science has been 
underreported and largely ignored until re- 
cently. But this year brought signs of change. 

In June, the U.S. National Academies 
of Sciences, Engineering, and Medicine 
released a landmark report on sexual harass- 
ment of women in academic science, engi- 
neering, and medicine that could prove to be 
a watershed. It concluded, based on recent 
data from two large university systems, that 
more than 50% of female faculty and staff 
and 20% to 50% of students, depending on 
stage and field, have endured sexual harass- 
ment, including the most pervasive form— 
sexist hostility both verbal and nonverbal: 
putdowns, not come-ons. And this year, 
several institutions took action. 

Some, prodded by news exposés or by 
formal complaints from harassed students 
and staff, fired or forced out prominent 
scientists after investigations upheld allega- 
tions of wrongdoing. Others announced 
policy changes. 

In September, the U.S. National Science 
Foundation (NSF) in Alexandria, Virginia, 
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said that, going forward, universities must 
tell it when a grantee is placed on leave 
during a harassment investigation or 
found guilty of sexual harassment—with 
the potential for “targeted and serious 
consequences” from NSF as a result, said 
Director France Cordova. Bemoaning the 
community’s failure to protect harassment 
victims, Cordova declared: “This neglect 
must end.” That same month, AAAS, 
which publishes Science, adopted a policy 
under which AAAS fellows proved to be 


sexual harassers can be stripped of this 
lifetime honor. And the presidents of the 
National Academies promised in May to 
explore how proven harassers could be 
ejected from their prestigious ranks. 

The pace of change is not nearly fast 
enough for critics. BethAnn McLaughlin, 
a neuroscientist at Vanderbilt University 
in Nashville who this year founded the 
advocacy group #metooSTEM, notes, for 
example, that the National Institutes of 
Health (NIH) does not require universi- 
ties to report grantees 
under investigation, or 
even disciplined, for sexual 
harassment. McLaughlin 
opens her public talks 
with 46 seconds of silence, 
“1 second for every year 
that NIH has given money 
to scientists and doctors 
and not asked if they have 
violated Title IX,” a 1972 
U.S. statute outlawing 
sexual harassment of stu- 
dents. She uses the silence, 
she says, “to honor the 
hundreds of women driven 
from our fields.” 
—Meredith Wadman 
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2018 BREAKTHROUGH OF THE YEAR 


Four hurricanes churn in the Atlantic Ocean in September, the first such lineup in a decade. 


What went wrong in the world of science in 2018 


Climate-fueled disasters rise, political action stalls 


evastating wildfires in the west- 
ern United States and northern 
Europe. A record heat wave in 
southern Europe. Hurricanes, 
cyclones, and flooding in the 
Americas and the eastern Pacific 
Ocean. For many, this was the 
year climate change hit home. Climate- 
influenced disasters have grown stronger 
and lasted longer. As the latest iteration of 
the U.S. National Climate Assessment put 
it in November: “The evidence of human- 
caused climate change is overwhelming ... 
[and] the impacts of climate change are 
intensifying across the country.” 

Several modern records will be broken 
this year, as they have been inexorably year 
after year. The overall temperature of the 
world’s oceans—the best thermometer for 
the planet itself—is the highest it has been 
since record keeping began. Ocean levels 
are some 8 centimeters higher than in the 
1990s—and the rise is accelerating. And 
global greenhouse gas emissions will again 
hit an all-time high, likely rising by more 
than 2% over last year. 

Yet, as the evidence—enumerated in a 
series of alarming scientific reports this 
fall—has mounted, the gap between what 
the world needs to do and what it is doing 
seems wider and starker than ever. In the 
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United States, President Donald Trump 
has disputed the science of human-driven 
climate change, sought to roll back most 
of the climate-focused policies that his 
predecessor enacted, and stood firm in his 
intent to pull the United States out of the 
Paris agreement, the international deal to 
curb greenhouse gas emissions. The White 
House even tried to downplay the National 
Climate Assessment, a report mandated by 
Congress and endorsed by government sci- 
ence agencies. “I do not believe it,” Trump 
said when asked about estimated economic 
impacts; his spokesperson Sarah Sanders 
called the report “extreme” and “not based 
on facts.” “The federal government is 
constructing an alternative reality,” says 
Phil Duffy, president of the Woods Hole Re- 
search Center in Falmouth, Massachusetts. 
“They’re in la-la land.” 

The United States is not alone. “Each 
year that goes by with lack of action and 
leadership in the U.S., more and more coun- 
tries around the world have an excuse for 
stepping back,” says Kelly Sims Gallagher, 
director of Tufts University’s Center for In- 
ternational Environment & Resource Policy 
in Medford, Massachusetts. For example, 
Brazil’s incoming president, Jair Bolsonaro, 
has promised to open Amazonian rainfor- 
est for development, potentially releasing 


a rush of carbon dioxide (CO,) emissions. 
China is once again focusing more on prob- 
lems such as clean air rather than carbon 
emissions, and even the European Union is 
distracted by internal upheavals. 

The costs of decades of little or no action 
are becoming manifest as the “natural” is 
slowly drained from natural disasters. The 
consequences are worst where human influ- 
ence on the climate slams into the human 
predilection to live in risk-prone places. 
Take the record wildfires in California, such 
as the Camp Fire, which killed at least 
86 people and reduced the town of Paradise 
to ash. Warming temperatures and a down- 
turn in summer rainfall are drying out the 
western United States, prolonging torrid 
droughts that turn forests and brush to 
tinder. Large wildfires there now burn twice 
the area they did in 1970; by mid- 
century, the area burned by all wildfires in 
the region is projected to increase as much 
as sixfold. “These bigger fires, fires that 
move faster, and a longer fire season—it’s 
clearly, clearly here,” Duffy says. 

On the East Coast, low-lying cities such 
as Norfolk, Virginia, are experiencing 
flooding at high tide thanks to a combi- 
nation of sea-level rise and subsidence 
linked to the long-ago retreat of the ice 
sheets. And when there’s not sunny-day 
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flooding, there are storms: This year 
brought no reprieve from 2017’s block- 
buster hurricanes. Like Harvey, which 
devastated Houston, Texas, last year, this 
year’s Hurricane Florence exhibited many 
telltale signs of global warming’s influ- 
ence: It intensified rapidly and dawdled 
over land, drowning the North Carolina 
coast with unprecedented rainfall. 

Those effects don’t stop at U.S. shores. Su- 
per Typhoon Mangkhut, the year’s strongest 
storm, battered the Philippines, triggering 
landslides and killing at least 66 people. In 
the United Kingdom, human-driven warm- 
ing has made debilitating summer heat 
waves 30 times more likely; by midcentury, 
such heat will grip the island once every 
2 years. A similar heat wave in Canada this 
year killed more than 90 people. The recent 
spike in sea level, now at 3.9 millimeters a 
year, has put Pacific Island nations on edge, 
and studies this year suggested wave-driven 
overwash could make many of those islands 
uninhabitable within decades. 

In October, the Intergovernmental Panel 
on Climate Change, a United Nations- 
sponsored group that includes hundreds of 
the world’s leading climate scientists, re- 
leased a grim look at the effects of a global 
temperature increase just 1.5°C above pre- 
industrial levels—not much more than the 
1°C the planet has already warmed. Among 
the findings: After another half-degree of 
warming, many of the world’s coral reefs 
would be doomed. In some regions, drown- 
ing rains and scorching heat waves would 
grow more severe. Arctic sea ice would 
rapidly retreat. And holding the tempera- 
ture increase to that level would require 
a stark drop in carbon emissions, along 
with steps to actively remove CO, from the 
atmosphere, the report said. 

“We reach 1.5° by 2040. We’ve only got 
2 or 3 decades,” says Myles Allen, one of the 
report’s lead authors and a climate dynami- 
cist at the University of Oxford in the United 
Kingdom. Perhaps it’s still theoretically pos- 
sible, Duffy adds. “But to meet the goal, [the 
world] needs to change now. And I don’t see 
that happening.” 

Even when global warming recaptures the 
world’s attention, the problem will not be 
easy to solve. The world needs to weigh the 
costs and benefits of keeping the warming 
to 1.5°C rather than 2°C or higher, Allen 
says. “Politically the conversation has to 
move from now to how much a burden we 
impose on the next generation,” he says. But 
Don Wuebbles, an atmospheric scientist 
at the University of Illinois in Urbana 
and a lead author of the National Climate 
Assessment, says the burden is already 
heavy. “I’ve been through Paradise,” he says, 
“which no longer exists.” —Paul Voosen 
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Brazil’s National Museum, following a devastating fire. 


BRAZILIAN SCIENCE GUTTED 
The fiery death of Brazil's 200-year-old National Museum in Rio de Janeiro was 
painfully symbolic of what many researchers fear is a looming demise of Brazilian 
science. The museum burned down on the night of 2 September, following years 
of underfunding and neglect by authorities. Public funds for science in most of 
the country have followed a similar trajectory. The budget of the federal science 
ministry shrank by more than 50% in the past 5 years, and an additional 10% cut 
is expected for 2019, despite scientists’ many appeals to legislators in Brasilia. 
Fears deepened after the October election of far-right congressman Jair 
Bolsonaro as the next president of Brazil. Although he promises to triple the rate of 
investment in science, technology, and innovation to 3% of gross domestic product 
in the next 4 years—something many analysts say is not feasible—the former army 
captain is at odds with scientists on several issues. He has threatened to pull Brazil 
out of the 2015 Paris agreement on climate change and vowed to reduce funding 
for federal universities, where much of Brazil's science is conducted, claiming that 
Brazilian academia is dominated by “left ideology” and that many universities in 
Brazil represent “wasted money.” —Herton Escobar 


AN ETHICALLY FRAUGHT GENE-EDITING CLAIM 

Humanity rewriting its own genetic code is no small feat. At another time, under 
different circumstances, germline gene editing might well have a shot at becoming 
Science's Breakthrough of the Year. But a Chinese researcher's claim in November 
that he had created twin baby girls resistant to HIV using the gene-editing technique 
CRISPR doesn't qualify for that distinction. 

Among scientists and ethicists, a consensus has emerged about the conditions 
under which such work might be acceptable in the future: if it is the only way to help 
parents conceive a healthy baby, if scientists have done everything possible to show 
the technique is safe, if the study has undergone careful ethical vetting, and if it is 
carried out transparently. 

He Jiankui of the Southern University of Science and Technology in Shenzhen, 
China, appears to have met none of those criteria. As Science went to press, He had 
not published his findings, and there was no proof that two babies were born with 
altered genes for a protein exploited by HIV. It’s unclear whether the edits would truly 
shield Lulu and Nana from HIV infection, or why the 
potential benefits were worth the risks given that 
other, proven methods exist to prevent HIV infection 
and the girls were not facing an unusually high risk 
of exposure to the virus. The study’s ethical review 
seems murky at best, the work was shrouded in 
secrecy—a planned public relations campaign fell 
apart after a news leak—and He broke an interna- 
tional consensus on germline experiments as well 
as, it seems, Chinese regulations. Because of those 
many shortcomings, his claim counts as one of the 
science breakdowns of 2018. —Martin Enserink 


In vitro fertilization, the first step 
in gene editing. 
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Tessellating tiny tetrahedrons 


A tiling rule guides the formation of quasicrystalline superlattices of nanocrystals 


By Siyu Wu and Yugang Sun 


essellating tiles and bricks of well- 

defined geometric shapes can be traced 

back to the ancient age (~4000 BCE), 

when Sumerians used clay tiles to dec- 

orate building walls. Since 1619 when 

Johannes Kepler first wrote about tes- 
sellation, it has become a topic of interest in 
disciplines including pure mathematics, ma- 
terials science, chemistry, art, architecture, 
and industrial design. Packing convex po- 
lygonal shapes into three-dimensional (3D) 
Euclidean space was conjectured by Ulam to 
form a more dense tessellation than spheres, 
but that conjecture was theoretically verified 
only recently for packing tetrahedrons in a 
quasicrystalline (QC) arrangement through 
shape-induced entropic interactions (J). 
Forming a QC superlattice of tetrahedrons 
with rotational symmetricity yet no transi- 
tional periodicity (2) has represented a grand 
experimental challenge. On page 1396 of 
this issue, Nagaoka et al. (3) report a “flex- 
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ible polygon tiling rule” that guided the self- 
assembly of nanometer-sized tetrahedrons of 
cadmium chalcogenide (CdSe-CdS core-shell 
nanoparticles) to form a 10-fold QC superlat- 
tice at a liquid-air interface (see the figure). 

The authors synthesized tetrahedral 
semiconductor nanocrystals (NCs) with two 
different types of surfaces, including three 
equivalent {1011} facets (A type) and one 
{0002} facet (B type), which were covered 
with oleic acid and octadecylphosphonic 
acid, respectively. Such differentiation of 
surface chemistry promoted the selective 
facet-to-facet alignment and attachment 
(i.e., A-to-A and B-to-B) of neighboring tet- 
rahedrons as they moved close together in 
the course of self-assembly. The preferred 
alignment of tetrahedral NCs led to the for- 
mation of decagon units with 10-fold sym- 
metry, each of which contained a tetrahelix 
ring (4) surrounding a vertically stacked 
pair of tetrahedrons in the center. 

Unlike clay bricks bonded with mortar, 
the tetrahelix rings of the decagon units 
were flexible, which allowed the entire sys- 
tem to gain additional stability through lo- 
cal configuration changes at the interfaces 


of packed decagon units (5). The flexible 
polygon tiling rule facilitated the tessella- 
tion of the decagon units into 10-fold QC 
superlattices of the nanosized tetrahe- 
drons. This rule can be generalized to pack 
any polygon units with even numbers of 
edges n—for example, octagons, decagons, 
dodecagons, and tetradecagons—forming 
3D QC tessellations. During packing, two 
neighboring polygons may overlap with 
only one or two edges. The two polygons 
need to remain intact when there is no edge 
or only one edge overlapping; when two 
edges overlap, the overlapped edges need 
to become flexible and transform into one 
straight edge (the flexible edge). Each poly- 
gon must have at least one flexible edge and 
at most n/2 flexible edges, and the gener- 
ated tessellation pattern must have a QC 
order with an n-fold rotational symmetry. 
When packing tetrahedral solids, exter- 
nal compressive force determines the pack- 
ing order and density (6). Applying stronger 
compression forces to the tetrahedral NCs 
in the course of self-assembly prevented 
the formation of the tetrahelix polygon 
rings and QC tessellation at the liquid-air 
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interface (3). A stronger compression was 
realized by replacing the liquid subphase 
of ethylene glycol with diethylene glycol, 
which provided higher aliphatic hydropho- 
bicity and increased the interfacial surface 
energy between the solvent (i.e., cyclohex- 
ane for dispersing the semiconductor NCs) 
and the substrate (i.e., diethylene glycol). 

This change led to a smaller receding angle 
at the solidification front of assembled NCs. 
Thus, the assembled NCs lacked space to ex- 
tend vertically and were firmly squeezed by 
the liquid surface to form 2D superlattices 
of hexagonal symmetry. However, the use 
of ethylene glycol as the substrate created a 
higher receding angle and provided sufficient 
space for selective facet-to-facet alignment of 
the semiconductor tetrahedrons and the cor- 
responding QC superlattices. 

The flexible polygon tiling rule, facilitated 
by both the anisotropic patchiness of sur- 
face chemistry and the appropriate pairing 
of solvent and liquid substrate used in the 
self-assembly process, led to the successful 
formation of QC tessellation of tetrahedral 
NCs. Although self-assembly of nanopar- 
ticles into dodecagonal (12-fold) QC orders 
had been demonstrated from the mixtures 
of spherical nanoparticles of two different 
types and sizes (7), the 10-fold QC order of 
tetrahedral NCs reported by Nagaoka et ail. 
had been neither observed experimentally 
nor predicted in any simulated QC models. 

This success demonstrates that control- 
ling the geometrical and chemical anisotropy 
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Packing nanosized tetrahedrons. Self-assembly 

of tetrahedral semiconductor nanoparticles normally 
forms a regular periodic Bragg lattice (this page). 
Nagaoka et al. show that packing at a liquid-air interface 
can create a quasicrystalline lattice (preceding page). 


(in addition to size) of nanoparticle building 
blocks can enable their assembly into highly 
complicated (or even unexpected) super- 
lattice symmetries. Unlike the commonly 
observed entropy maximization process, 
anisotropic patchiness favors directional 
enthalpic driving forces to promote the for- 
mation of new QC superlattices. The work of 
Nagaoka et al. will drive a wave of attention 
from matter assembly researchers, including 
the synthesis and use of different types of 
anisotropic building blocks to create uncon- 
ventional superlattices and complex struc- 
tures. Because the tessellation of tetrahedral 
and pyramidal shapes is a fascinating and 
challenging research topic in many research 
fields, including mathematics and computer 
simulation, this experimental discovery will 
likely stimulate other follow-up studies. 
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Chemotherapy 
and tumor 
immunity 
Inducing senescence 

in tumor cells stimulates 


antitumor innate 
immune responses 


By Stéphanie Cornen! and Eric Vivier'*’ 


large increase in the incidence of can- 
cers has been predicted for the com- 
ing years, with the number of cases 
worldwide rising from 15 million to 
24 million between 2015 and 2035 
(1). The current revolution in can- 
cer treatment—cancer immunotherapy—is 
based on the mobilization of the immune 
system to target cancer cells and is opening 
new avenues for achieving cancer control. 
However, evidence suggests that immuno- 
therapies in many cancers are most effec- 
tive when combined with other treatments, 
such as surgery, radiotherapy, and chemo- 
therapy. On page 1416 of this issue, Ruscetti 
et al. (2) show that a combination of che- 
motherapy drugs inhibiting MEK (mitogen- 
activated protein kinase kinase) and CDKs 
(cyclin-dependent kinases) induces tumor 
cell senescence, a type of cell growth arrest, 
that alerts the innate immune system by ac- 
tivating natural killer (NK) cells, leading to 
immune control of the cancer. 

Therapies that enhance the development 
of an immune response against tumor cells 
are of high interest because the absence of 
antitumor immunity prior to treatment ap- 
pears to be a major factor of resistance to 
immunotherapy. MEK and CDK inhibitors 
target the Ras-Raf-MEK-ERK (extracellular 
signal-regulated kinase) pathway, which is 
a key pathway in many cancers. CDKs act 
downstream from ERK to control the cell 
cycle, and hence their activity can promote 
tumor cell division. BRAF inhibitors, such 
as dabrafenib, have potent antitumor activ- 
ity, particularly when combined with MEK 
inhibitors, such as trametinib, in the treat- 
ment of melanoma and non-small cell lung 
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cancer (3). The CDK4/6 inhibitors abemaci- 
clib, ribociclib, and palbociclib have been 
approved for use in breast cancer (4). Ru- 
scetti et al. screened several chemotherapy 
agents and identified MEK and CDK4/6 in- 
hibitors as potent inducers of the senescent 
phenotype in the KP (Kras and p53) mouse 
model of lung adenocarcinoma. 

Cellular senescence is a programmed 
change in cell state associated with per- 
manent growth inhibition (5). It can be 
induced by stresses, such as DNA dam- 
age, shortening of telomeres (a biomarker 
of aging), oncogenic mutations, metabolic 
mitochondrial dysfunction, and inflamma- 
tion. The senescence-associated secretory 
phenotype (SASP) is characterized by in- 
creased production of growth factors, pro- 
teases, and proinflammatory cytokines that 


cellular stress that promotes the elimination 
of neoplastic cells in an NK cell-dependent 
manner (8). In addition, expression of ligands 
for NK cell-activating receptors, NKG2D and 
DNAM1, can be increased in cancer cells un- 
dergoing stress-induced senescent programs 
following treatment with chemotherapeu- 
tic agents, leading to NK cell activation (9). 
Senescent noncancer cells, such as decidual 
cells (10), fibroblasts (17), and hepatic stellate 
cells (72), can also trigger NK cell responses. 
Given the dual potential of cellular se- 
nescence to halt the proliferation of tumor 
cells and recruit immune cells, interest in 
pro-senescence therapies for cancer treat- 
ment has been growing. However, several 
hurdles remain on the road to therapy- 
induced senescence as a means of treating 
cancer: optimization of the dose sched- 


NK cells detect and eliminate senescent tumor cells 


Pharmacological inhibition of MEK and CDK4/6 induces retinoblastoma (RB) protein-mediated cellular 


senescence and SASP, leading to the activation of NK cells, which detect and eliminate senescent tumor cells. 
Several questions remain to be addressed, as indicated. 
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recruit immune cells and stimulate them to 
clear the senescent cells. The precise mech- 
anisms by which senescence is induced 
and the affected cells eliminated remain 
to be elucidated. Ruscetti et al. show that 
the treatment of tumor cells with MEK and 
CDK4/6 inhibitors selectively triggers the 
antitumor functions of NK cells. 

NK cells are innate lymphoid cells (ILCs) 
with potent antitumor activities (6). The effi- 
cacy of some conventional anticancer agents, 
such as those used in chemotherapy, is not 
exclusively due to the direct killing of the 
tumor cells. Instead, some anticancer treat- 
ments can induce forms of cancer cell stress 
or death that alert the immune system, initi- 
ating an antitumor immune response (7). NK 
cells can be involved in these mechanisms. 
For instance, telomeric repeat-binding factor 
2 (TRF-2) has been shown to induce a form of 
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ules and combinations required to induce 
cellular senescence and antitumor immu- 
nity, while overcoming the protumorigenic 
properties of senescent cells and the SASP. 
Indeed, the SASP has been described as a 
double-edged sword, because it can also 
induce tumor-promoting effects such as an- 
giogenesis, epithelial-to-mesenchymal tran- 
sition, and metastasis (73). It thus remains 
unclear whether it is preferable to induce 
senescence rather than cell death. 

To date, attempts to make use of NK cells 
in cancer immunotherapy have focused on 
the initiation of a multilayered immune 
response culminating in protective and 
long-lasting antitumor immunity (6). Re- 
markably, Ruscetti et al. suggest that NK 
cells act as a natural senolytic, eliminating 
tumor cells rendered senescent by chemo- 
therapy and controlling cancers without 


the assistance of other immune cell types. 
These findings raise important questions 
about the mechanisms by which senescent 
tumor cells are eliminated by NK cells and 
whether NK cells kill senescent tumor cells 
directly. Is the production of cytokines by 
NK cells, such as interferon-y and GM-CSF 
(granulocyte-macrophage colony-stimulat- 
ing factor), involved? Moreover, NK cells 
have many features in common with ILC1s 
(14). The selective involvement of NK cells 
in the control of KP tumors is striking, but 
its demonstration was based on the use of 
an NK1.1 monoclonal antibody that depletes 
both NK cells and ILCls in mice. NK cells, 
ILCls, and an intermediate subset (intILCl) 
can infiltrate mouse tumors and have op- 
posing functions: NK cells favor tumor 
control, whereas intILCls and ILCIs do 
not (75). Further dissection of the role of 
MEK and CDK4/6 inhibitors, and of other 
chemotherapy agents, in the composition 
and function of tumor-infiltrating ILCs is 
required. Does the recognition of senescent 
cells by NK cells initiate long-term protec- 
tion against nonsenescent tumor cells? And 
most importantly, do these observations ap- 
ply to human cancers? 

Recent clinical results have supported the 
hypothesis that chemotherapy can boost 
immune responses and sensitize tumors to 
immunotherapies. However, we still know 
little about the underlying mechanisms, and 
more explorations are required to identify 
the most promising chemotherapy-immu- 
notherapy combinations to further enhance 
clinical responses in cancer patients. The 
induction of senescence is one possible way 
in which chemotherapy and immunity may 
be able to join forces. 
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NETWORK ANALYSIS 


Seeing a global web of connected systems 


Social-ecological shifts may often be causally linked 


By Marten Scheffer and Egbert H. van Nes 


he Arab Spring, the invention of pen- 

icillin, and the recent mass bleach- 

ing of coral reefs are reminders that 

much of the change in nature and 

society happens in just a tiny por- 

tion of time. Understanding why and 
when such critical transitions happen re- 
mains notoriously difficult. On page 1379 
of this issue, Rocha et al. (1) mine a data- 
base of shifts in social and ecological sys- 
tems and conclude that about half of them 
may be causally linked on different scales. 
Their results highlight the importance of 
unraveling hidden connections in the web 
of ecological and social systems on which 
we depend. 

It makes intuitive sense that the great 
Syrian exodus, the global financial crisis, 
Brexit, and the election of Pres- 
ident Trump are not entirely 
unrelated. Yet, revealing the 
web of causalities behind such 
transitions remains difficult. 
Similarly, we have difficulties 
understanding connections 
between the fates of ice sheets, 
monsoons, tropical forests, and other tip- 
ping elements of Earth system that may 
shape the cascade of transitions toward a 
hothouse Earth (2). The challenge of see- 
ing the bigger web of connections is a 
common thread in our struggle to under- 
stand transitions in complex systems. For 
example, after the collapse of the financial 
services firm Lehman Brothers, the global 
cascade of events ran through a network 
of connections between banks and other 
financial institutes that was largely hidden 
from the public eye (3). Another example is 
the Arab Spring, which precipitated from a 
complex web of drivers that encompassed 
social factors, climate-induced crop fail- 
ures, and the rise of the biofuel market— 
these connections could be reconstructed 
only in hindsight (4). 

This raises the question of what scien- 
tists can do to unravel the dazzling web 
of connections that weaves the biosphere 
and its human participants together. One 
approach is to use smart analytical tech- 
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niques to mine the wealth of qualitative 
understanding of what affects what in the 
world (5, 6). Rocha et al. took such an ap- 
proach to analyze a database of transitions 
in intertwined socioecological systems (re- 
gime shifts) on the basis of more than 1000 
scientific papers. They combined causes 
and effects of each of the regime shifts to 
build a larger web of potential links be- 
tween them. They report that almost half 
of the theoretically possible links could 
plausibly be causal. 

A major advantage of such a qualitative 
causal web analysis is that it allows the 
use of heterogeneous collections of narra- 
tives. One may, for instance, build a cau- 
sality web simply from expert insights to 
analyze potential feedback loops and sta- 
bility consequences (7). However, the use 
of qualitative information inevitably has 


“Understanding complex systems as a whole 
is crucial if we want to understand resilience 
and regime shifts, be it in the biosphere or in 
the human body.” 


limitations too. Most importantly, it can 
only provide a catalog of the possible. The 
actual stability properties and the net ef- 
fects along causal chains depend critically 
on the relative strength of the different 
mechanisms involved. For example, snow 
cover reduces heat absorption, causing 
temperatures to drop; this allows more 
surface to freeze. However, a potential run- 
away of this destabilizing feedback toward 
a “snowball Earth” is prevented by coun- 
teracting forces. At the same time, even 
weak destabilizing feedbacks can produce 
a tipping point if they become aligned (8). 
Thus, although analyzing webs of qualita- 
tive insights can produce an inventory of 
the theoretically possible secondary effects 
and causal loops, there is the question of 
what we can do to reveal which of those 
are plausibly important. 

The most obvious approach is to build 
quantitative simulation models to study 
the relative importance of different pro- 
cesses. This can help to constrain uncer- 
tainty in the vast catalog of the possible, 
showing, for example, that variation in 
solar activity has a negligible effect on re- 
cent warming (9). However, detailed mod- 


els of complex systems remain difficult to 
verify and inevitably leave out potentially 
important processes (9). An emerging field 
of research therefore aims to complement 
the simulation approach by extracting cau- 
sality directly from the increasing flood 
of time series data (10, 11). This is tricky 
because of the problems of spurious corre- 
lations and the chicken-and-egg situations 
that are inherent in characterizing causal 
loops. For example, it may be tempting 
to interpret the observation that Earth’s 
temperature started to rise somewhat 
before atmospheric CO, concentration 
started to increase as evidence that the 
first caused the latter at a glacial termina- 
tion. However, such lags are meaningless 
in nonlinear dynamical systems in which 
only sophisticated approaches may help 
to probe the multiple simultaneous direc- 
tions of causality (12). 

There is no silver-bullet ap- 
proach to unraveling the big 
scheme of things in nature 
and society, but that should 
not stop us from leaving our 
comfort zone and addressing 
the questions that matter. Un- 
derstanding complex systems as a whole is 
crucial if we want to understand resilience 
and regime shifts, be it in the biosphere 
or in the human body (13). The way that 
Rocha e¢ al. extracted insights from a web 
of qualitative narratives, and the emerging 
approaches to unravel causality from big 
data are reasons for optimism. 
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PLANT BIOLOGY 


Hydropatterning—how roots test the waters 


Local water cues modulate auxin signaling to instruct root developmental decisions 


By Ricardo F. H. Giehl and 
Nicolaus von Wirén 


s sessile organisms, plants rely on 

their roots to acquire sufficient water 

and nutrients from the soil. Making 

the right choice about where to de- 

ploy new roots can determine sur- 

vival, especially when soil resources 
are scarce and unevenly distributed. Re- 
cently, it was discovered that plant roots can 
respond to gradients of soil moisture by fa- 
voring the formation of lateral roots toward 
sites with available water (J). On page 1407 
of this issue, Orosa-Puente et al. (2) show 
how growth along an air-water interface in 
the soil triggers asymmetric activation of a 
signaling module coordinated by the plant 
hormone auxin that biases lateral root ini- 
tiation to the side in contact with water. 
These findings demonstrate how spa- 
tial environmental cues determine or- 
gan formation in higher plants. 

The ability to generate new roots 
postembryonically confers plants a 
high degree of developmental plas- 
ticity. The formation of lateral roots 
starts deep in the parental root tissue. 
There, a specific number of cells of 
the pericycle, the tissue that delimits 
the root vasculature, are “primed” as 
lateral root founder cells at periodic 
intervals (3). Rather than progressing 
continuously, the initiation of lateral 
roots from primed pericycle cells can 
be stimulated or arrested at any de- 
velopmental stage (4), allowing roots 
to adjust the number and spacing of 
lateral roots to the prevailing envi- 
ronmental conditions. This plastic- 
ity offers plants the opportunity to 
efficiently colonize regions of high 
resource availability, as long as root 
sensing mechanisms can precisely lo- 
cate these sites. 

In many plant species, low water 
availability can stimulate root expan- 
sion and steeper growth angles to 
improve water uptake from deeper 
soil layers (5, 6). In soils that are not 
completely dry or flooded, an air- 
water interface develops between soil 
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particles (see the figure). At this microscale, 
variations in water availability trigger ab- 
scisic acid-dependent hydrotropic growth 
to differentially modulate cell elongation, 
allowing roots to bend toward water (7, 8). 
Additionally, tissue patterning is altered 
when roots are exposed to differential wa- 
ter availability on either side of the root. 
This adaptive response, termed hydropat- 
terning, induces the formation of root hairs 
and aerenchyma (plant tissues containing 
enlarged gas-filled intercellular spaces) in 
the air-exposed side of roots, while posi- 
tioning more lateral roots on the side that 
has direct contact with water (7). Although 
local water availability induces auxin bio- 
synthesis and signaling (7), it has remained 
unknown how these changes are translated 
into asymmetrical lateral root formation 
across the root axis. 


Shaped by water 

Where there are small-scale differences in water availability 
around soil particles, water potential gradients are sensed in roots 
(red cells). Hydrotropism guides roots towards water, whereas 
hydropatterning alters the distribution of root hairs and lateral 
roots along the root circumference (not to scale). ARF7-dependent 
asymmetric LBD16 expression triggers lateral root initiation on the 
side in contact with water. 


Lateral root 
initiation 


\S 
Pericycle cell SSS 
NSN 
Gravity Ss 


F 


Orosa-Puente et al. found that muta- 
tions in the transcription factor AUXIN 
RESPONSE FACTOR 7 (ARF7), a Key regu- 
lator of lateral root initiation (9), impaired 
the ability of plants to bias root branching 
toward moisture. Although LATERAL OR- 
GAN BOUNDARIES-DOMAIN 16 (LBD16), 
a downstream target of ARF7, accumulates 
preferentially in lateral root founder cells 
on the water-exposed side, ARF7 is evenly 
expressed around the circumferential axis of 
the root. However, ARF7 can be posttransla- 
tionally modified with small ubiquitin modi- 
fier (SUMO). Arabidopsis plants lacking the 
SUMO proteases OVERLY TOLERANT TO 
SALT 1 (OTSI) and OTS2 (0), which promote 
deconjugation of SUMO from ARF’, exhibit 
a hydropatterning defect akin to ARF7 mu- 
tants. Intriguingly, SUMOylation does not 
affect the universal function of ARF7 to pro- 
mote lateral root initiation but instead 
affects its capability to regulate the 
root branching pattern in response to 
water. ARF proteins can be inactivated 
by INDOLE-3-ACETIC ACID-INDUC- 
IBLE (IAA) proteins in an auxin-de- 
pendent manner (/7). This is also the 
case for ARF7, the DNA-binding activ- 
ity of which is controlled by IAA3 and 
IAA14 at different stages of lateral root 
development (72, 13). Orosa-Puente 
et al. identified that SUMOylation is 
specifically required for ARF7 recruit- 
ment and inactivation by IAA3 but is 
dispensable for the interaction with 
IAA14. These findings provide insights 
into how an environmental cue can 
fine-tune the function of common 
regulators of development to induce 
specific phenotypic plasticity. 

Hydropatterning is conserved in 
many plant species and targets early 
stages of lateral root development, 
such as the positioning of founder cells 
along the main root axis (1). Develop- 
mental competence for hydropattern- 
ing is largely limited to the root zone 
undergoing active growth and is lost 
as cells mature (14). This has led to 
the hypothesis that water gradients 
are sensed near the root tip, leaving a 
positional imprint that triggers lateral 
root initiation further up in the root. 
In the growing root tip, cell expansion 
builds up a water potential gradient 
that increases hydraulic conductiv- 
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ity (14). As water uptake rates are higher in 
expanding cells, differential access to water 
along the root circumference may generate 
sizable differences in water potential. Yet, 
experimentally demonstrating the existence 
of such gradients at this scale is very chal- 
lenging. More research is necessary to un- 
cover how root cells sense water potentials 
and how signals detected in outer cells are 
transmitted to inner root tissue. Interest- 
ingly, Orosa-Puente et al. observed that ARF7 
SUMOylation occurs when roots are exposed 
to air, even though they have been unable 
to demonstrate if ARF7 is differentially SU- 
MOylated in a root exposed to an air-water 
interface. Nonetheless, this finding suggests 
that the absence of water on its own serves 
as an informative cue for developmental de- 
cisions without depending on changes in cel- 
lular osmolarity. 

Because water is such a critical resource 
for plant growth and development, it is 
not surprising that plants have evolved ad- 
ditional adaptive mechanisms. Although 
hydropatterning can increase root surface 
contact with water, the steering of growth 
direction by hydrotropism places this or- 
gan in water-available sites. Thus, if lateral 
roots primed by hydropatterning emerge at 
sites that become dry, hydrotropic growth 
allows them to maneuver toward water. 

Considering the strong negative impact of 
precipitation variability on crop yield (J5), 
breeding crops with a predefined root system 
architecture may be less appropriate than ex- 
ploiting plasticity and sensing mechanisms 
to improve root adaptability to spatial and 
temporal variations of soil moisture. In this 
context, it will be interesting to determine 
the contribution of hydropatterning to water 
and nutrient uptake under challenging wa- 
ter regimes and to investigate how water and 
nutrient signals are integrated to shape root 
system architecture. Thus, manipulating the 
molecular mechanism uncovered by Orosa- 
Puente et al. and tapping into possible natu- 
ral allelic variation for hydropatterning have 
potential for breeding crops that are better 
able to withstand environmental stresses. 


REFERENCES AND NOTES 


1. Y.Baoetal., Proc. Natl. Acad. Sci. U.S.A. 111, 9319 (2014). 
2. B.Orosa-Puente et al., Science 362, 1407 (2018). 

3. M.A.Moreno-Risueno et al., Science 329, 1306 (2010). 
4. J.Lavenus et al., Trends Plant Sci. 18, 450 (2013). 

5. Y.Ugaetal., Nat. Genet. 45, 1097 (2013). 

6. R.Rellan-Alvarezetal.,eLife 4,e07597 (2015). 

7. N.Takahashietal., Planta 216,203 (2002). 

8. D.Dietrich etal., Nat. Plants 3, 17057 (2017). 

9. Y.Okushima et al., Plant Cell 19, 118 (2007). 

10. L.Contietal., Plant Cell 20,2894 (2008). 

11. S.B.Tiwariet al., Plant Cell 16,533 (2004). 

12. H.Fukakuetal., PlantJ. 44, 382 (2005). 

13. K.Swarup et al., Nat. Cell Biol. 10,946 (2008). 

14. N.E. Robins ll, J.R. Dinneny, Proc. Natl. Acad. Sci. U.S.A. 
115, £822 (2018). 

15. D.K.Rayetal., Nat. Commun. 6,5989 (2015). 


ial 


10.1126/science.aav9375 


SCIENCE sciencemag.org 


CARDIOLOGY 


Unusual transcription factor 
protects against heart failure 


Cleaved fragment of a cardiomyocyte structural protein 
moonlights as a transcription factor 


By Arun Padmanabhan!” and 
Saptarsi M. Haldar’? 


he heart pumps blood to the rest of 

the body in a coordinated and stead- 

fast manner. This pumping function 

is achieved through synchronous con- 

traction of billions of cardiomyocytes 

(heart muscle cells), which is governed 
by phasic increases in intracellular calcium. 
As such, cardiomyocytes have evolved intri- 
cate cellular structures that tightly couple ex- 
ternal electrical impulses to the triggering of 
calcium ion release from intracellular stores 
and subsequent activation of force-producing 
proteins, a process termed excitation-contrac- 
tion (E-C) coupling. A key component of this 
molecular ultrastructure is the cardiac dyad, 
a microdomain that juxtaposes the plasma 
membrane L-type calcium channel with the 
calcium-sensitive ryanodine receptor (RyR) 
channel complex, the molecular gatekeeper 
for the release of calcium ions from sarco- 
plasmic reticulum stores in cardiomyocytes. 
The cardiac dyad is physically stabilized by 
a membrane-associated scaffold protein 
called junctophilin-2 (JP2), which facilitates 
physiologic calcium release during E-C cou- 
pling. Excessive stress or injury to cardio- 
myocytes results in defective E-C coupling, 
reduced pumping capacity, and the clinical 
syndrome of heart failure, a leading cause of 
death worldwide. On page 1375 of this issue, 
Guo et al. (1) report the surprising discovery 
that during cardiac stress, a proteolytically 
cleaved fragment of JP2 can translocate to 
the cardiomyocyte nucleus and function as a 
transcription factor that can protect against 
heart failure pathogenesis. Thus, in addi- 
tion to its “day job” as a structural protein, 
this suggest that JP2 can “moonlight” in the 
nucleus as part of a homeostatic feedback re- 
sponse to cardiac stress. 

Heart failure, a syndrome in which pump- 
ing function cannot meet demand, is the final 
common clinical manifestation that results 
from diverse forms of cardiac injury, such as 
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excessive mechanical stress, myocardial in- 
farction, or exposure to toxins. This condition 
is typified by progressive structural remodel- 
ing of the geometry of the heart, activation 
of inflammatory and profibrotic pathways, 
cardiomyocyte hypertrophy, and abnormali- 
ties in cellular calcium homeostasis, E-C 
coupling, metabolism, and gene expression. 
During heart failure pathogenesis, JP2 is pro- 
teolytically cleaved by a family of intracellular 
calcium-dependent proteases called calpains, 
an event that compromises JP2 function and 
impairs E-C coupling (2, 3). Mapping the pre- 
cise cleavage site within JP2 revealed that 
this proteolytic event generated a novel N- 
terminal fragment, which the authors named 
JP2NT. It was initially thought that JP2NT 
was an inert by-product of the cleavage event 
and had no specific cellular function. How- 
ever, Guo et al. found that JP2NT contains 
a functional nuclear localization sequence 
and a putative helix-turn-helix motif that 
confers DNA binding activity. These features 
suggested that JP2NT could function as a 
transcription factor that directly regulates 
cardiomyocyte gene expression. 

Analyses of JP2NT-overexpressing car- 
diomyocytes revealed that JP2NT  pre- 
dominantly functions as a transcriptional 
repressor. JP2NT-repressed genes were en- 
riched for those known to be activated in 
heart failure, including those that regulate 
cardiac hypertrophy, fibrosis, and inflamma- 
tion. These unbiased analyses also revealed 
that JP2NT genomic binding sites strongly 
colocalized with binding sites for the MEF2 
(myocyte enhancer factor 2) family of tran- 
scription factors, which are known drivers of 
heart failure pathogenesis (4, 5). The study of 
Guo et al. supports a model in which JP2NT 
inhibits transcriptional function of MEF2, 
possibly via competitive binding for MEF2 
DNA response elements. 

The ability of JP2NT to transcription- 
ally repress MEF2 activity and inhibit heart 
failure-associated gene programs suggests 
that JP2NT might play a protective role in 
heart failure pathogenesis. Indeed, mice 
overexpressing JP2NT that were subjected 
to a widely used model of cardiac pressure 
overload (6) had improved cardiac function 
and reduced indices of heart failure, whereas 
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JP2NT functions as a cardiac 


transcription factor 

Full-length JP2 is a scaffolding protein in 
cardiomyocytes that is essential for calcium 
homeostasis and E-C coupling. During cardiac stress, 
JP2 is proteolytically cleaved by calpain to release 

an N-terminal fragment (JP2NT), which translocates 
to the nucleus and functions as a transcription 
factor that represses MEF2 activity and protects 
against heart failure pathogenesis. 
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mice in which the JP2NT nuclear localization 
signal is ablated developed more severe heart 
failure. Together, these data support the idea 
that during cardiac stress, proteolytic release 
of JP2NT from the cardiac dyad in cardiomy- 
ocytes plays a protective role in heart failure 
pathogenesis, possibly by repressing MEF2 
transcriptional activity (see the figure). 

The paradigm that membrane-tethered 
precursor proteins can be _ proteolytically 
cleaved to unleash transcription factors is 
not new. Therefore, this newly discovered 
role for JP2NT must be considered along- 
side known cellular pathways that use this 
mechanism—for example, Notch signaling, 
the SREBP (sterol regulatory element-bind- 
ing protein) pathway, and the ATF6 arm of 
the unfolded protein response. These exam- 
ples share three notable features: a proximal 
physiological cue that triggers proteolysis, 
release of a cleaved fragment from its mem- 
brane-tethered parent protein, and a down- 
stream transcriptional effector function that 
is homeostatically responsive to the proximal 
physiological cue. In canonical Notch sig- 
naling, plasma membrane Notch receptors 
are activated by cell-cell contact, prompting 
Notch receptor proteolysis and release of the 
Notch intracellular domain (NICD), which 
translocates into the nucleus and regulates 
expression of developmental gene programs 
that are appropriate for the type of cell con- 
tact (7, 8). In the SREBP pathway, the up- 
stream cue is cholesterol deprivation, which 
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is sensed by the SREBP cleavage-activating 
protein complex in the endoplasmic reticu- 
lum, ultimately resulting in proteolytic re- 
lease of SREBP transcription factors, which 
translocate to the nucleus to regulate gene 
programs that adapt to the low-cholesterol 
state (9, 10). In the third example, unfolded 
proteins in the endoplasmic reticulum lead 
to transport of ATF6 to the Golgi membrane, 
where it is cleaved by Golgi-associated prote- 
ases, releasing a transcription factor that reg- 
ulates gene programs involved in alleviating 
the stress caused by unfolded proteins (11). 
In these three examples, the proteolytic 
cleavage of the parent protein reflects the 
primary cellular function of the pathway. 
By contrast, full-length JP2 is a professional 
scaffolding protein for the cardiac dyad that 
moonlights as a transcription factor dur- 
ing cardiac stress. In that case, what is the 
true physiological role of the JP2 cleavage 
pathway? Because full-length JP2 is in the 
cardiac dyad, we postulate that its cleavage 
might be a physiological transducer of local 
calcium excess, mechanical stretch, or oxi- 
dative stress. Although the characterization 
of JP2NT-overexpressing mice by Guo et al. 
is an important first step, more detailed 
phenotyping of their mice harboring an 
ablated JP2 nuclear localization signal will 
be required to better understand the physi- 
ological function of JP2NT. Similarly, the 
generation of cells or mice in which the en- 
dogenous JP2 cleavage site or DNA binding 
domain is inactivated will be informative. 
A more precise understanding of how cal- 
pain family members, or other endogenous 
proteases, are activated and targeted to the 
dyad will also provide essential clues to the 
homeostatic role of this cleavage event. Ad- 
ditionally, it will be critical to delineate the 
full spectrum of endogenous JP2NT tran- 
scriptional targets and interaction partners, 
as JP2NT is likely to have effects beyond 
regulating MEF2 function. It will also be 
important to solve the structure of JP2NT 
to elucidate the biophysical basis for DNA 
binding. Following up on these exciting 
findings by Guo et al. is certain to uncover 
new mechanisms of cardiac homeostasis; 
such knowledge may be harnessed to create 
much-needed therapies for heart failure. 
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Escaping 
atmospheres 
of extrasolar 


planets 


The study of helium 
absorption opens a 

new window on escaping 
exo-atmospheres 


By Matteo Brogi 


he atmospheres of planets orbiting 

other stars (exoplanets) are windows 

into their chemical composition and 

physical properties. For a planet that 

orbits closely to its star, the intense 

stellar irradiation can induce sub- 
stantial atmospheric loss, a phenomenon 
that can be detected if the planet is transit- 
ing through an excess absorption of star- 
light by gas that is escaping the planet’s 
atmosphere. On pages 1384 and 1388 of 
this issue, Allart et al. (2) and Nortmann 
et al. (2), respectively, report two indepen- 
dent measurements of planetary helium 
with remote, ground-based spectroscopy 
in the near-infrared. Their findings mark 
the first time that helium is detected from 
the ground and is unambiguously associ- 
ated with the planet’s orbital motion. The 
high spectral resolution of the observa- 
tions allows direct tracking of helium’s ve- 
locity and verifies that it trails the planet 
along its orbit. 

The atmosphere of a close-in exoplanet 
can escape under the strong irradiation 
from the parent star (3, 4). For a giant 
planet, the total mass loss over the lifetime 
of the system is negligible. However, for 
a small exoplanet, the entire atmospheric 
envelope can be stripped off, and this phe- 
nomenon may produce a gap in the occur- 
rence of the exoplanet as a function of its 
distance from the parent star (or radius of 
its orbit) (5, 6). 

Most previous studies have focused on 
the detection of hydrogen escaping from 
exoplanets (7). Hydrogen is the most abun- 
dant chemical element in the Universe 
and it dominates the composition of giant 
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exoplanets. As the lightest element, it can 
be stripped off very effectively, forming an 
extended cloud of gas around the planet, 
possibly with an elongated shape similar 
to cometary tails. If the planet transits its 
parent star as seen from Earth, this escap- 
ing gas can absorb substantially more star- 
light than the planet itself, revealing its 
presence during transit observations. This 
method has allowed scientists to detect 
massive “tails” of hydrogen around several 
exoplanets; the most dramatic example is 
the Neptune-size exoplanet GJ 436 b (8). 

As neutral hydrogen absorbs at ultra- 
violet (UV) wavelengths, it is only possible 
to observe it from space, where UV light 
is not shielded by ozone in Earth’s atmo- 
sphere. However, even at the altitude of 
the Hubble Space Telescope (about 568 
km), hydrogen in Earth’s exosphere (outer- 
most region of the atmosphere) produces a 
contaminating signal (the so- 
called geo-coronal emission). 
Moreover, hydrogen gas per- 
meates interstellar space, mak- 
ing it difficult to distinguish 
whether the absorption occurs 
around the planet or anywhere 
else along our line of sight. In 
addition, stellar activity alters 
the strength of hydrogen spec- 
tral lines, complicating the 
interpretation of variable ab- 
sorption (9). As a result, only 
the “wings” of hydrogen spec- 
tral lines can be reliably as- 
sociated with exoplanet mass 
loss. This corresponds to gas 
moving at tens to hundreds of 
kilometers per second, already 
quite far from the planet. 

Helium is the second most 
abundant element in the atmo- 
spheres of giant planets, and it 
is still light enough to be eas- 
ily stripped off. In the near in- 
frared, around a wavelength of 10,830 A, 
there is a particular helium spectral line 
that can form by absorbing radiation from 
a metastable state (a state where electrons 
decay but with very long time scales— 
hours in this case). Whereas this line can 
form at the temperatures and densities of 
planetary exospheres, interstellar helium 
absorption is 1000 times less likely than 
for hydrogen. This means that excess ab- 
sorption due to a transiting planetary at- 
mosphere can be sought even in the very 
core of the helium line, allowing small ve- 
locities to be probed. These give us direct 
access to the region where atmospheric es- 
cape originates. 

Helium absorption was predicted at the 
dawn of exoplanet science (JO). Absorp- 
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tions up to a few percent in the core of the 
helium line—more than 10 times as strong 
as typical features in exoplanet spectra— 
were estimated for two well-known transit- 
ing exoplanets, the hot giant HD 209458 
b and the hot Neptune-size GJ 436 b (11). 
Observations with the WFC3 instrument 
onboard the Hubble Space Telescope (12) 
detected helium in the transmission spec- 
trum of the exoplanet WASP-107 b. How- 
ever, owing to the low spectral resolution, 
this excess absorption could only be seen 
in one of the spectral channels, prevent- 
ing the unambiguous identification of the 
planetary origin of the signal. 

Fortunately, infrared radiation around 
11,000 A penetrates Earth’s atmosphere 
and therefore helium measurements can be 
attempted with ground-based telescopes, 
leveraging larger mirrors and higher spec- 
tral resolution. Allart et al. and Nortmann 


Escaping gases 
Atmospheric hydrogen and helium gases of an exoplanet that orbits closely 
to its parent star can escape under strong irradiation. The escaping gas 

can absorb more starlight than the exoplanet and can be detected by remote, 
ground-based spectroscopy. 
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et al. resolved the detailed shape of the he- 
lium spectral line and detected its chang- 
ing velocity due to the radial component of 
the planet’s orbital motion. This “Doppler” 
effect causes a shift in the characteristic 
absorption frequency of a spectral line for 
nonzero velocity. 

Allart et al. used the line shape informa- 
tion to model the physical environment 
around the warm Neptune-size planet 
HAT-P-11 b. They derived a spherical shape 
for the cloud of helium around the planet, 
but no sizeable tail trailing the orbit. This 
is in stark contrast to the extended hydro- 
gen comas such as the one detected around 
GJ 436 b, but in line with expectations 
from interactions with the stellar radiation 
field and winds. Nortmann et al. report a 


strong helium absorption surrounding the 
Saturn-size exoplanet WASP-69 b. By com- 
paring their detection with a small sample 
of exoplanets, they propose that the pres- 
ence of escaping helium depends on the in- 
tensity of x-rays and extreme-UV radiation 
from the parent star, which in turn regu- 
lates the population of the metastable state 
of helium responsible for the 10,830 A line. 
Thus, only planets hosted by moderately 
active stars should show helium absorp- 
tion, in line with observations to date. 

The findings of Allart et al. and Nort- 
mann et al. reinforce the importance of 
stellar environments in shaping the atmo- 
spheric evolution of exoplanets. Attention 
of the scientific community is turning to- 
ward potentially habitable planets around 
M-dwarf stars, which are particularly ac- 
tive. Studying atmospheric escape across 
a wide class of planetary systems will be 
crucial for assessing how hab- 
itability is influenced by en- 
ergetic stellar radiation (3). 
The measurements presented 
by Allart et al. and Nortmann 
et al. were obtained with a 
new spectrograph called CAR- 
MENES (Calar Alto high-reso- 
lution search for M dwarfs with 
exoEarths with near-infrared 
and optical echelle spectro- 
graphs) originally designed to 
look at minute radial velocity 
variations of stars due to the 
gravitational influence of or- 
biting exoplanets, but also ex- 
celling in frontier atmospheric 
characterization. As more 
spectrographs like CARMENES 
will soon become available, it 
is expected that the synergy 
between space and ground- 
based observatories will inten- 
sify, with the ultimate aim of 
unveiling the atmospheres of 
temperate exoplanets in the not-too-dis- 
tant future. 
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Next-generation wargames 


Technology enables new research designs, and more data 


By Andrew W. Reddie’”, Bethany L. 
Goldblum’, Kiran Lakkaraju’, 
Jason Reinhardt*, Michael Nacht’, 
Laura Epifanovskaya* 


ver the past century, and particu- 
larly since the outset of the Cold 
War, wargames (interactive simu- 
lations used to evaluate aspects of 
tactics, operations, and _ strategy) 
have become an integral means for 
militaries and policy-makers to evaluate 
how strategic decisions are made related 
to nuclear weapons strategy and interna- 
tional security (7). These methods have also 
been applied beyond the military realm, to 
examine phenomena as varied as elections, 
government policy, international trade, and 
supply-chain mechanics. Today, a renewed 
focus on wargaming combined with access 
to sophisticated and inexpensive drag-and- 
drop digital game development frameworks 
and new cloud computing architectures 
have democratized the ability to enable 
massive multiplayer gaming experiences. 
With the integration of simulation tools 
and experimental methods from a variety 
of social science disciplines, a science-based 
experimental gaming approach has the po- 
tential to transform the insights generated 
from gaming by creating human-derived, 
large-n datasets for replicable, quantitative 
analysis. In the following, we outline chal- 
lenges associated with contemporary simu- 
lation and wargaming tools, investigate 
where scholars have searched for game data, 
and explore the utility of new experimental 
gaming and data analysis methods in both 
policy-making and academic settings. 


THEORY RICH, DATA POOR 

Increasingly, simulations have relied upon 
mathematical computer-based models to 
make inferences about real-world behavior 
regarding conflict and cooperation. How- 
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ever, in certain situations, observational 
data are limited or there are practical or 
ethical quandaries associated with produc- 
ing them. This lack of data is a particularly 
salient problem for nuclear deterrence mod- 
els, given the fortunate lack of observational 
data regarding nuclear weapon use. In such 
situations, these simplified, “toy” models 
used to explain phenomena as complicated 
as international cooperation or nuclear esca- 
lation patterns can fail to take into account 
the human factors that drive policy-making 
decisions. For example, model assumptions 
such as player rationality may not hold in 
conditions of crisis or when players have 
little time to make decisions. 

To introduce human factors into simula- 
tions, policy-makers, economists, and social 
scientists have relied on exploratory simu- 
lation games, structured play environments 
that can be used to devise representations 
of real-world decision-making (2). Focus has 
traditionally been on analog games involv- 
ing a limited player set and a single scenario. 
The constraints of the predigital environ- 
ment restricted the complexity of the game- 
play and largely prohibited the collection 
of sufficient data for generalizable inquiry, 
leading to wargaming being described as an 
“art rather than a science” (3). For example, 
the Sigma II-64 wargame created to strat- 
egize U.S. policy in Vietnam required more 
than 40 analysts and months of planning at 
the RAND Corporation to develop scenarios 
that involved upward of 35 players. 

Among existing simulation game ap- 
proaches, there are few experimental 
studies. Instead, both policy-makers and 
scholars have tended to focus upon process- 
oriented investigations of behavior inside 
of the game environment (for example, 
analyzing the dialogue between players to 
achieve exploratory insights) rather than 
utilizing each game as a unit of analysis for 
causal inference. These exploratory games 
may take a variety of forms—whether as- 
sessing what questions business executives 
might ask following a substantial drop in 
oil prices or examining military planners’ 
decision-making processes related to the 
use of cyber weapons (4, 5). These discus- 
sions can be particularly valuable when 
high-level policy-makers involved in real- 


world decision-making are engaged and 
provide their expertise and insights. The 
U.S. Naval War College and U.S. Strategic 
Command, for example, conduct the De- 
terrence and Escalation Game and Review 
series, a two-sided game to explore escala- 
tion dynamics during crises. These types of 
games also offer an opportunity to explore 
counterfactuals while allowing game de- 
signers to track the discussions. 

Alternatively, structured exercises akin to 
board games offer designers increased con- 
trol over game dynamics and the potential 
to increase the number of play-throughs for 
postexperiment analysis. For example, Karl 
Mueller at RAND has led an effort to cre- 
ate a tabletop exercise to explicitly address 
the challenge posed by a resurgent Russia 
in the Baltic region following the former’s 
invasion of Ukraine in 2014 (6). The goal of 
this game, carried out with players from the 
US. Air Force and U.S. Army, is to inform 
the appropriate force composition necessary 
to defend North Atlantic Treaty Organiza- 
tion (NATO) members and deter adversaries 
in the region, given adversary capabilities. 
These insights into strategic decision-mak- 
ing have subsequently driven debate con- 
cerning the appropriate qualitative and 
quantitative force postures in the region. 

Even with this type of game using stylized 
rules, players are subject to laboratory ef- 
fects. For example, players sitting across from 
one another may hold back from aggressive 
maneuvers given the reputational costs as- 
sociated with taking such an action amid 
their peers. Inferences related to structured 
exercises have also been called into question 
given the small number of players involved 
and the limited number of turns that may fail 
to capture real-world dynamics. 
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The external validity of postgame analy- 
sis is also made difficult by the limited num- 
ber of play-throughs of each game and the 
challenges associated with collecting data 
in a manner that allows for replication of 
the experiment. These difficulties combine 
to reduce the likelihood of statistical analy- 
sis and limit the production of generaliz- 
able insights. As a result, board wargame 
outcomes, like exploratory games, tend to 
be characterized by insights derived from 
game play rather than generalizable conclu- 
sions based on objective postgame analyses. 

These exploratory approaches have also 
led to a focus on simulated games for train- 
ing or educational purposes rather than 
experimentation. For example, the Apex 
Gold scenario-based discussion program 
designed by the National Nuclear Secu- 
rity Administration for senior-level policy- 
makers tests how players work together and 
respond to a hypothetical nuclear terrorism 
threat. A series of questions and polls also 
drive the discussion between participants 
to emphasize the challenges associated with 
addressing nuclear security. 

In sum, computer-based simulations, ex- 
ploratory games, and structured exercises 
have led to a theory-rich, but data-poor, en- 
vironment for scholarly inquiry. 


THE SEARCH FOR EXISTING GAME DATA 

There are a variety of ways to address this 
paucity of data by using experimental meth- 
ods. A number of scholars are attempting 
to use archival material to reexamine past 
games for generalizable insights. For ex- 
ample, Reid Pauly uses material from the 
Massachusetts Institute of Technology 
(MIT) and the U.S. Department of Defense 
to collect notes and game outcomes from 
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wargames designed by Lincoln Bloomfield 
and Thomas Schelling in the 1960s (7). 
Observing similar behavior across the col- 
lection of games, Pauly suggests that policy- 
makers exhibit a generalizable pattern of 
behavior resulting in nuclear restraint dur- 
ing crises and in spite of provocation. Jac- 
quelyn Schneider’s recent project similarly 
examines longitudinal data created over 7 
years of Naval War College wargames in- 
volving cyber weapons and finds that, con- 
trary to statements from policy-makers, 
cyber capabilities do not appear to contrib- 
ute to crisis instability (8). 

Both projects mine collections of out- 
comes obtained from traditional wargam- 
ing approaches to provide quantitative 
insights not inferable from a single play- 
through. These approaches, however, pre- 
sent research design challenges, including 
being time intensive and having no poten- 
tial for automation in terms of data collec- 
tion or for adaptation to address alternative 
research questions that go beyond the 
original scenario for which the games were 
designed. There are also concerns about 
comparing apples to oranges as scenarios 
shift in terms of their framing, the identity 
and institutional affiliation of the players, 
and changes to the geopolitical context. 

As well as using archival material from 
traditional wargames, scholars have looked 
to commercial games to provide natural ex- 
periments during the course of gameplay 
that are analogous to real-world settings— 
in spite of not explicitly being designed for 
research purposes (9). A famous example of 
commercial data providing a simulation of 
reality for scholars comes from the World 
of Warcraft, in which the first gamewide 
epidemic in a massive, multiplayer, online 


Scholars at play study the impact of weapons 
capabilities on conflict escalation using the Project 
on Nuclear Gaming's board game platform, SIGNAL. 


role-playing game led to 4 million player 
characters being affected by something 
not unlike a virus. Epidemiologists sub- 
sequently used the virus that spread from 
player to player throughout the game’s 
“world” to model transmission rates and 
the chain of infection and compared these 
findings to real-world pandemics (J0). 

Over the past decade, numerous scien- 
tific disciplines have started to explore the 
use of commercial games for experimental 
inquiry. For example, virtual worlds have 
become a laboratory for ethnographic re- 
search concerning social behavior on plat- 
forms such as Second Life, where players 
have the potential to create entirely new 
identities and social relationships. Econo- 
mists have been examining virtual curren- 
cies and financial systems in online games 
and their implications related to cryptocur- 
rencies, decentralized finance, and block- 
chain banking. For war planners, battles 
such as the “Bloodbath of B-R5RB” on the 
Eve Online platform involving about 7500 
human players, 20 million virtual soldiers, 
and 600 warships provide a virtual example 
to study the origins, conduct, and outcome 
of large-scale warfare in the absence of real- 
world corollaries (11). 

However, these gaming environments 
are largely outside of researchers’ control, 
which may limit the theories that can be 
tested. In an attempt to control an experi- 
mental environment using commercial 
software, social scientists have also created 
stand-alone “mods’—user-generated envi- 
ronments—in games such as World of War- 
craft, Star Wars Galaxies, and Starcraft 2 to 
consider theories of human behavior, coop- 
eration, and conflict from political science, 
economics, and sociology (12). One of the 
first of these efforts, NetLab, led to the cre- 
ation of a variety of “collaboratories” in the 
early 2000s that sought to use the internet 
to field social and behavioral experiments 
(13). “Tribes,” for example, modeled on in- 
tertribal rivalry in real-world Sudan mea- 
sures the (artificially created) inter- and 
intragroup dynamics. Although these mods 
provide researchers with increased control 
over the structured play environment, they 
remain subject to the virtual world, charac- 
ters, and player pools associated with the 
original game publisher. 


BUILDING EXPERIMENTAL CONDITIONS 

Now, scholars are increasingly able to build 
experimental settings from scratch with the 
goal of conducting replicable, quantitative 
analyses that focus on a particular real- 
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world policy decision. Building games from 
the ground up addresses the problem that 
researchers do not have control of the game 
setting and, subsequently, the treatments 
provided to game participants. Although 
this option was, until recently, prohibitively 
expensive, the production of online experi- 
ment-based games tailored to address par- 
ticular questions of interest is becoming 
progressively accessible to researchers as 
low-cost gaming architectures and visual 
scripting systems proliferate. 

With that said, game design and devel- 
opment presents its own challenges. At the 
outset, researchers need to decide what 
type of game to build—they range from sim- 
ple to complex, turn-based to simultaneous, 
and vary in terms of the number of players, 
treatment variables, aesthetics, mechanics, 
and the interface that players interact with. 
Each of these features can affect the parsi- 
mony, internal validity, and external valid- 
ity associated with the game. For example, 
maps in real-time strategy games can be 
designed to provide perfect information 
to all players or, alternatively, the moves 
of adversaries can be hidden under a “fog 
of war.’ The latter is more realistic but also 
more complicated to design and build into 
a gaming framework. 

Although more research is needed to 
understand the optimal design and limita- 
tions of online experimental games, they 
do allow for replicable, structured rulesets, 
iterative turn-based play, and an increased 
number of play-throughs that overcome a 
number of challenges related to traditional 
wargaming methods. The online environ- 
ment also provides access to a diverse set 
of research participants that traditional 
wargames do not engage with—Steam’s 
gaming platform, for example, regularly 
hosts more than 10 million unique con- 
current online gamers, whereas Amazon’s 
Mechanical Turk provides an alternative 
source of experimental participants in on- 
line settings. 

Our Project on Nuclear Gaming (PONG)— 
a collaboration between the University of 
California, Berkeley; Lawrence Livermore 
National Laboratory; and Sandia National 
Laboratories—and its SIGNAL game serves 
as a first execution of this large-scale, ex- 
perimental gaming approach in an exami- 
nation of nuclear deterrence and conflict 
escalation dynamics. SIGNAL provides a 
flexible gaming environment that can be 
used to explore a variety of research ques- 
tions and mimic aspects of warfare. The 
platform also allows for large-n, quantita- 
tive analysis of game outcomes in a multi- 
player context, tracks demographic data, 
and automatically collects player and game 
data in real time. 
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As new experimental gaming tools mature, 
they are well placed to take advantage of ad- 
vances in data science and machine learning. 
For example, game data can be used as an 
input in machine learning algorithms to ex- 
pand the amount of data available to create 
models of optimal behavior given particular 
experimental conditions (/4). 

These data might be leveraged to create 
autonomous agents that are representative 
of various player strategies in the training 
data as well as serve as venues for human- 
machine and machine-machine game- 
play. Comparative analysis of these player 
models and their parameters may reveal 
insights about player “types” that can fur- 
ther augment our understanding of conflict 
strategies and crisis communications. Al- 
ternatively, inverse reinforcement learning 
methods can be applied to gameplay data to 
assess player perceptions of rewards, con- 
straints, and optimal implementation strat- 
egies within a simulated environment. 


METHODOLOGICAL CHALLENGES 

Although the ability to build customizable 
online games that can be tailored to specific 
research questions offers a promising path 
toward experimental gaming, there are a 
number of methodological challenges that 
scholars must consider. First, game design- 
ers must address how the online game set- 
ting might lead to its own unique laboratory 
effects related to player behavior within the 
game environment. Might it, for example, 
make players more aggressive than they 
otherwise might be? Relatedly, the impact 
of using nonexperts rather than experts 
in the player pool is in need of further ex- 
amination. Analyses are needed to compare 
expert to nonexpert players in the context 
of decision-making pertaining to national 
security settings. 

Experimental gaming techniques that 
allow for large-n analysis using nonexpert 
players should also be compared against in- 
sights generated from traditional wargames 
involving experienced decision-makers. Ad- 
dressing these challenges requires cross- 
method and_ cross-subject comparison. 
And although all gaming frameworks are 
predominantly focused on internal rather 
than external validity, more work is needed 
to further link game findings from online 
environments to real-world dynamics using 
observational data, where available. 

As experimental gaming methods ma- 
ture, its toolkit can be tailored to address 
extant questions being asked by the policy 
and defense communities—testing conven- 
tional wisdom and providing another data 
source for decision-makers. It may also of- 
fer a capability to analyze increasingly com- 
plex security dynamics that involve new 


types of actors and new domains of war- 
fare, including space, cyber, and gray-zone 
operations. Already, government agencies, 
particularly those related to national secu- 
rity, are increasing their use of simulations 
in policy planning. Efforts are also under- 
way to build data repositories such as the 
nascent Wargaming Repository created by 
the U.S. Office of the Secretary of Defense 
to pool insights, generate conclusions that 
might otherwise be hidden, and further re- 
fine existing wargaming methods—whether 
analog or digital. 

Although an ability to reliably predict the 
actions of adversaries and the outcomes of 
conflict remains unlikely, new types of ex- 
perimental tools have the potential to shed 
light on dynamics that have thus far existed 
only in theory. 
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The sex robots are here 


Advances in robotics and AI bring new concerns to 
age-old questions about human intimacy 


By Lily Frank 


ex robots are so hot right now. Robot 

brothels are popping up around the 

world, and the sex robot “Harmony” 

even has her own Tinder profile. (She 

reportedly matched with dozens of 

men within hours.) In Turned On, 
computer scientist Kate Devlin tackles the 
transition of sex-tech from novelty to just 
another feature of our technologi- 
cally enabled environment. 

The book is a highly readable 
romp through the history of com- 
puters, robots, and sex toys. In a 
journalistic and often humorous 
style, Devlin introduces the tech- 
nical, social, historical, philosophi- 
cal, and ethical issues surrounding 


In chapter three, Devlin delves into the 
origins of the computer, interrogating some 
classic philosophical arguments about the 
nature of consciousness; the problem of 
other minds; and whether or not it might 
be possible for a machine to feel, think, or 
be conscious. She is, admittedly, not a phi- 
losopher and does not aim to offer more than 
a cursory discussion of these issues. But I 
found this somewhat unsatisfying because 
philosophical assumptions about 
mentality often inform nonphilos- 
ophers’ speculation about artifi- 
cial intelligence (AI) and robotics. 

The book is at its best when 
explaining difficult technical con- 
cepts such as machine learning, 
artificial neural networks, and 
natural language processing. It 


humanoid sex robots, peppering Turned On also presents memorable exam- 
5 : Z A Science, Sex and : ‘ 
these discussions with literary, Robots ples of how biases are introduced 
historical, and pop culture refer- Kate Devlin into programmed systems. 
ences and personal anecdotes. Bloomsbury, 2018. After discussing the Turing test, 
Turned On focuses on technol- 288 pp. “ELIZA” (the first conversational 


ogies that are currently available 

or in development. But sex robots are noth- 
ing new. They are part of a long history, as re- 
vealed in ancient myths, early literature, and 
archaeological and historical records. Here, 
Devlin introduces a central theme: the idea 
that humans have long been fascinated with 
amorous relations with inanimate objects. 
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natural language processing pro- 
gram), and the Loebner Prize (an award 
given for programs that can fool humans into 
thinking they are interacting with another 
human), Devlin comes to a second major 
theme: that “[a] semblance of human-like 
behaviour can be enough for us to assume a 
degree of sentience.” 

Here, she launches into a discussion of 
love, sex, and attachment from psychological, 
physiological, anthropological, and neurosci- 
entific perspectives. Canvassing vast swaths 


An engineer makes an adjustment to a humanoid 
robot at a factory in Dalian, China. 


of history and anthropology, Devlin includes 
intriguing tidbits on sexual diversity and the 
taboos and mores of the past. (In case you 
ever wondered how many years of penance 
were required by the Bishop of Worms for 
the use of a dildo in 1008 AD, for example, 
the answer is three.) Humans, it seems, can 
become emotionally attached to all sorts of 
things—from fish to laptops—and we have no 
trouble anthropomorphizing and even empa- 
thizing with simple animated shapes. 

In chapter five, Devlin takes the reader on 
a behind-the-scenes tour of the sex doll and 
robot industries, introducing us to design- 
ers, entrepreneurs, and avid users (lovers?). 
She meticulously describes various aspects of 
sex robot design, ranging from lifelike works 
of artistry to the mechanical, crude, and tin- 
voiced. From industry-compiled customer 
reports, she discovers that users are predomi- 
nantly male and that they turn to these tech- 
nologies for a variety of reasons, from sexual 
experimentation to coping with loneliness. 

Next, Devlin engages with some scholarly 
philosophical works, including David Levy’s 
2007 book Love and Sex with Robots. What is 
love? What defines sex? Could human beings 
fall in love with machines? Should they? 

There are also a range of normative issues 
surrounding sex robots, including what some 
perceive as their implicit sexism, concerns 
about how they might normalize violence 
against women and children, and questions 
about how they relate to prostitution and 
pornography. Here, Devlin raises a host of le- 
gal and ethical questions. Should sex robots 
be used to rehabilitate sex offenders? Should 
it be illegal to produce childlike sex robots? 
Do sex robots reinforce harmful stereotypes 
about women’s bodies or their roles, or the 
importance of sexual consent? The book of- 
fers more questions than answers, leaving me 
somewhat dissatisfied, once again. 

Devlin urges readers to “think outside the 
bot” in chapter 10, looking to the next gen- 
eration of engineering and design of sex-tech 
more broadly. Here, she imagines a future in 
which a sex robot might have tentacles in- 
stead of arms or be molded from sensuous 
fabrics, rather than from silicone. 

“The future of intimacy is not a bleak and 
isolated vision but a network of connected 
people who want, as humans have always 
wanted, to be together,’ Devlin writes. Re- 
gardless of how one feels about this optimis- 
tic attitude (I remain skeptical), Turned On 
provides the reader with an invitation to ex- 
plore these topics further and a fascinating 
introduction to the state of sex-tech. 


10.1126/science.aav6001 


21 DECEMBER 2018 + VOL 362 ISSUE 6421 1365 


INSIGHTS | BOOKS 


SOCIOLOGY 


Beyond blood 


Strangers conceived via the same sperm donor 
reveal the role of choice in how we think about kin 


By Sophie Zadeh 


n an age of direct-to-consumer DNA 

tests, conception from donated gam- 

etes that have crossed national borders, 

and connection websites for “genetic 

strangers,” old questions seek new an- 

swers. What is family? What makes 
kin? And how far can genes alone generate 
relationships? 

Random Families, Rosanna Hertz and 
Margaret Nelson explain, is a book about 
new forms of voluntary kinship. Unlike its 
own (academic) ancestors, it examines what 
people do with genetic connections that fall 
both within—and outside of—familiar famil- 
ial repertoires. Concerned with connections 
that are created through choice but are ge- 
netic in origin, Random Families presents a 
timely sociological exploration of relation- 
ships between parents who have chosen the 
same sperm donor, and their children, who 
therefore share DNA. 

Based on a virtual ethnography of exist- 
ing online same-donor networks, and in- 
terviews conducted with 212 parents and 
154 children, the book weaves extensive 
empirical insights together with compelling 
case studies that bring to life the diverse 
experiences of those who form, resist, and 
break apart from networks on the basis of 
same-donor status. Examining the networks 
formed across generations and document- 
ing them over time, Hertz and Nelson’s 
approach is a welcome addition to the schol- 
arship on searching for genetic relations 
among donor-conceived people and their 
parents (/, 2). For individuals conceived in 
earlier decades, the authors explain, search- 
ing for donors has led some to inadvertently 
discover “donor siblings.” By contrast, the 
parents of today’s donor-conceived infants 
may purposely seek out genetic connections 
on behalf of their children. 

Hertz and Nelson’s analysis brings into 
focus the combined role of personal pref- 
erences and intergroup dynamics in the 
formation and maintenance of same-donor 
networks. As the authors themselves admit, 
their findings will leave much to be desired 
for the reader looking for a straightforward 
story of how families connected by gametes 


The reviewer is at the Centre for Family Research, University of 
Cambridge, Cambridge CB2 3RQ, UK. Email: sz255@cam.ac.uk 


1366 21 DECEMBER 2018 + VOL 362 ISSUE 6421 


relate to one another. Rather, Random Fam- 
ilies is an intellectually honest account of 
the complexity, and diversity, of same-donor 
networks. Throughout the book, the narra- 
tives of those who do not ascribe meaning 
to genetic connections sit beautifully along- 
side those who emphasize the excitement 
of meeting individuals conceived using the 
same donor and of the long-lasting relation- 
ships that sometimes result. 

Strikingly clear is the fact that these con- 
nections remain difficult to define. As the 
authors acknowledge, there is no rulebook 
for such relationships and no known nomen- 
clature with which to describe them. Thus, 
for some participants, there are “families,” 
“brothers,” “sisters,” or “cousins, whereas 
for others, there are “sperm siblings,” “do- 
nor siblings,” and “diblings.” Within some 
networks, there are discrepancies in how 
individuals refer to one another and per- 
ceive their connections. Within others, such 
connections have nothing whatsoever to do 
with family. 

Hertz and Nelson explain that they have 
used participants’ terms to describe these 
connections where possible. Yet in their 
writing, they refer to one network as being 
“more like cousins,” and at one point they 
describe parents who choose to bond with 
some network members and not others 
as “upending the hierarchy of nature over 
artifice.” The researchers being no less im- 
mune from a traditional lexicon than their 
respondents, such examples would seem to 


Random Families 
Genetic Strangers, Sperm 
Donor Siblings, and the 
Creation of New Kin 
Rosanna Hertz and 


Margaret K. Nelson 
Oxford University Press, 
2018. 312 pp. 


suggest that same-donor networks pose as 
much of a conceptual challenge for the soci- 
ologist as they do for their members. 

In many ways, the title of the book is a 
misnomer: Although the families described 
may be “random” at the outset, there is noth- 
ing random about the connections they ul- 
timately make. Rather, Hertz and Nelson’s 
study indicates just how deliberate the cre- 
ation and maintenance of same-donor rela- 
tionships can be. Ostensibly about new forms 
of voluntary kinship, then, Random Families 
ends up telling a familiar story about identity, 
intimacy, and choice in the 21st century. 

This is not to say that Hertz and Nelson 
tell us nothing new. In fact, although many 
commentators have commended legislative 
moves across the world to make donors iden- 
tifiable to offspring at the age of 18, few have 
considered the implications of this legislation 
in contemporary contexts. Same-donor net- 
works—made up of children of different ages 
and of relations that may be close or distant 
and positive or negative—can circumvent 
these laws in ways that had not been antici- 
pated and that may not be equitable. What 
becomes of these possibilities remains to be 
seen, but for bringing them to light, Random 
Families deserves recognition. 
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PODCAST 
2018: A Year of Great Books 


From optimistic treatises on 
democracy and laboratory-grown 
meat to true-crime tales of start- 
ups behaving badly and natural 
history heists, we've covered 
more than a few memorable 
titles in our pages this year. This 
week on the Science podcast, 
Jennifer Golbeck and Valerie 
Thompson chat about their 
favorite books and interviews 
from 2018 and recommend 
some last-minute holiday gifts. 
sciencemag.org/podcasts 
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2018 Swanson 


Award Winners 


The M.). Murdock Charitable Trust congratulates 
Dr. Kraig Wheeler, Hugh W. Johnston Professor of 
Chemistry at Whitworth University, as the 2018 
recipient of the Lynwood W. Swanson Scientific 
Research Award and Dr. Moira Gresham, Associate 

Professor of Physics at Whitman College, recipient 

of the Lynwood W. Swanson Promise for Scientific 

Research Award. 


For more information on the Murdock College 


: \/ M.J. Murdock 
Science Research Program and the Lynwood VY M.J. Mur Suet 
W. Swanson Awards, and how we are helping 
to inspire the next generation of researchers, <o College Science Research 
please visit murdocktrust.org. y A MURDOCK TRUST PROGRAM 
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INSIGHTS 


Rising temperatures in the Himalayas (shown here) and Qinghai-Tibetan Plateau are causing environmental degradation. 


Edited by Jennifer Sills 


Protect Third Pole’s 
fragile ecosystem 


The Qinghai-Tibetan Plateau and its sur- 
rounding mountains, often termed the 
Third Pole, contain more ice than anywhere 
outside the Arctic and Antarctic (7). This 
region is also the source of the nine larg- 
est rivers in Asia, providing fresh water, 
food, and other ecosystem services to more 
than 1.5 billion people (2). Climate and 
topography vary greatly across the region, 
promoting rich biodiversity from species to 
ecosystems. Unfortunately, the Third Pole 
region is highly vulnerable to environmen- 
tal changes (2). 

In recent decades, air temperature at the 
Third Pole has warmed significantly faster 
than the global average (3). The effects 
of climate change in the region include 
increased precipitation (3), extensive glacial 
retreat (4), snow cover decline (5), shrink- 
age and expansion of lakes (6), permafrost 
loss (7), degradation of rangelands (8), and 
desertification (9). Meanwhile, intensive 
anthropogenic activities, such as overgraz- 
ing (10), deforestation (17), urbanization 
(12), and expansion of infrastructure proj- 
ects such as construction of roads, dams, 
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and electrical grids, are causing widespread 
landcover changes within the region (72). 
Together, these changes are altering 
the Third Pole’s biogeochemical cycles 
and pushing the fragile ecosystem toward 
degradation and possible collapse, which 
would cause irreversible harm on a regional 
and global scale. To avoid this, all nations 
must meet the standards laid out in the 
Paris Agreement. At the regional level, we 
strongly urge the relevant nations (includ- 
ing Afghanistan, Bhutan, China, India, 
Kyrgyzstan, Myanmar, Nepal, Pakistan, 
and Tajikistan) to cooperate in addressing 
these impending threats through systematic 
changes to management policies. Rapid and 
unprecedented coordination will be neces- 
sary, including a regional cooperation treaty 
and formation of a cross-border biodiversity 
conservation plan for the Third Pole region. 
Meanwhile, any infrastructure projects 
undertaken must be environmentally 
sustainable, and a practicable grazing man- 
agement policy should be adopted. Finally, 
these countries should improve national 
policy coordination and increase efforts to 
raise environmental protection awareness 
among local communities, as well as enlist 
international assistance to effectively imple- 
ment conservation plans. 
Jie Liu’’, Richard I. Milne’, Mare W. 
Cadotte*, Zeng-Yuan Wu’, Jim Provan’, 


Guang-Fu Zhu’, Lian-Ming Gao", 
De-Zhu Li?”** 

1CAS Key Laboratory for Plant Diversity and 
Biogeography of East Asia, Kunming Institute of 
Botany, Chinese Academy of Sciences, Kunming, 
Yunnan 650201, China. 7Germplasm Bank of Wild 
Species, Kunming Institute of Botany, Chinese 
Academy of Sciences, Kunming, Yunnan 650201, 
China. ?Institute of Molecular Plant Sciences, School 
of Biological Sciences, University of Edinburgh, 
Edinburgh EH9 3JH, UK. ‘Department of Biological 
Sciences, University of Toronto-Scarborough, 
Toronto, ON MIC 1A4, Canada. ‘Institute of 
Biological, Environmental and Rural Sciences, 
Aberystwyth University, Aberystwyth SY23 3DA, 
UK. Kunming College of Life Sciences, University 
of Chinese Academy of Sciences, Kunming, Yunnan 
650201, China. 

*Corresponding authors. 

Email: gaolm@mail.kib.ac.cn; dzi@mail.kib.ac.cn 


REFERENCES 


1. J. Qiu, Nature 454, 393 (2008). 

2. T.Yaoetal., Environ. Dev. 3,52 (2012). 

3. B.Wang, Q. Bao, B. Hoskins, G.Wu, Y. Liu, Geophys. Res. 
Lett. 35,L14702 (2008). 

4. T.Yaoetal.,Nat. Clim. Change 2,663 (2012). 

5. W.Xu, L.Ma, M. Ma, H. Zhang, W. Yuan, J. Clim. 30,1521 
(2017). 

6. J.Sunetal.,Earth-Sci. Rev. 185,308 (2018). 

7. Y.Ran,X.Li, G. Cheng, Cryosphere 12, 595 (2018). 

8. X.L.Lietal.,Land Degrad. Dev. 24, 72 (2013). 

9. M.Yangetal., Cold Reg. Sci. Technol. 39, 47 (2004). 

0. X.Luetal.,Ecosphere 8,e01656 (2017). 

1. X.Cui, H.-F. Graf, B. Langmann, W. Chen, R. Huang, Earth 

Interact. 11,1(2007). 
12. X. Cui, H.-F. Graf, Clim. Change 94, 47 (2009). 


10.1126/science.aaw0443 


sciencemag.org SCIENCE 


PHOTO: ISTOCK.COM/ALLGORD 


PHOTO: IMAGINE CHINA/NEWSCOM 


The freshwater 

e e e e e 
biodiversity crisis 
The 2018 Living Planet Index (LPI) (1) 
shows that populations of freshwater spe- 
cies have declined by an average of 83% 
since 1970, a far steeper drop than for ter- 
restrial or marine species. Extinction rates 
for freshwater species are also exception- 
ally high (2). For example, freshwater fish 
extinction rates in the United States and 
Europe have been estimated to be more 
than 100 times their natural rates (3). 
Meanwhile, wetland loss is three times as 
high as forest loss (4). In 2006, the protec- 
tion of freshwater biodiversity was noted 
as “the ultimate conservation challenge,” 
requiring “immediate action” (5). The LPI 
underscores that actions taken since have 
been grossly inadequate. 

Management of freshwater resources 
often focuses on human water security 
rather than natural ecosystem integrity 
(6). We urgently need effective policy 
solutions that can achieve both sets of 
objectives. Substantial advances have been 
made in understanding freshwater biodi- 
versity distributions, trends, and patterns 
(7, 8). Now, scientists must translate this 
science into recommendations for action 
for practitioners and policy-makers. 

Many of the Convention on Biological 
Diversity’s Aichi targets will not be met 
by 2020 (9, 10). The post-2020 revision 
of the Aichi targets should better address 
freshwater biodiversity. Because freshwater 
biodiversity conservation must operate 
in partnership with the needs for socio- 
economic development under a changing 
climate, revised Aichi targets should corre- 
spond to the UN Sustainable Development 
Goals and UN Framework Convention 
on Climate Change. The conservation 
community, as well as governments and 
international organizations that are shaping 
the broader post-2020 agenda for biodi- 
versity and sustainable development, need 
to ensure that there is dedicated space in 
emerging policy frameworks to address the 
steep decline of freshwater species. 
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China’s reopened 
rhino horn trade 


On 29 October, China revoked its 1993 
rhino horn trade ban (7) and reopened 

its domestic rhino horn trade under 

two conditions: Horns must be sourced 
sustainably, and the use of the horns must 
be limited to traditional Chinese medicine 
(TCM), medical research, the preservation 


China’s new rhino horn policy may have similar flaws. 


of antique cultural artifacts, and educa- 
tional materials (2). This policy reversal 
could have substantial consequences for 
rhino conservation. State agencies are 
working to determine regulatory details 
such as product certification and enforce- 
ment infrastructure. African and Asian 
rhino range states and conservationists 
should work with Beijing on the imple- 
mentation of this directive to minimize 
risks and maximize conservation gains (3). 
Regulatory shortcomings in the pan- 
golin scale trade can provide insight for 


implementing the horn trade. Although the 
pangolin scale trade has, at least on paper, 
been strictly controlled through a certifica- 
tion system since 2008, seizures of illegal 
pangolin products remain frequent nation- 
wide (4, 5). Demand far outweighs supply, 
and the volume of pangolin scales sold 
each year through designated, legal outlets 
exceeds annual quotas (6). Understanding 
consumer preferences (7) can help ensure 
that sustainably sourced rhino horn serves 
as a substitute for poached supplies (8). 
The pangolin trade’s setbacks show that 
TCM practitioners, industry leaders, law 
enforcement agencies, and conservation 
stakeholders should participate in policy- 
making and that implementation details 
must be adequately publicized (6). Farmed 
animals should be genetically registered to 
make legal goods traceable and enable reli- 
able identification of laundering. 
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Erratum for the Research Article 
“Recombination initiation maps of indi- 
vidual human genomes” by F. Pratto et al., 
Science 362, eaav6294 (2018). Published 
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AAAS NEWS & NOTES 


Harmful algae 
bloom on Lake Erie 
in August 2014. 


2018 AAAS Kavli Science Journalism Award winners named 


The international competition drew entries from 54 countries 


By Ear! Lane 


Stories on the long-sought pill for male contraception, the compli- 
cated legacy of a sexually proficient panda, and the environmental 
hazards posed by toxic algae and invasive mussels are among the 
winners of the 2018 AAAS Kavli Science Journalism Awards. 

The judges also honored “Alive Inside,” a series by Houston 
Chronicle reporter Mike Hixenbaugh on efforts by a local hospital 
to restore patients with severe brain injuries, and “The Farthest— 
Voyager in Space,” a documentary written and directed by Irish 
filmmaker Emer Reynolds on NASA's ongoing mission to the outer 
planets and beyond. 

The science journalism awards, administered by the American 
Association for the Advancement of Science (AAAS) since their incep- 
tion in 1945, honor distinguished reporting for a general audience. 
The awards, endowed by The Kavli Foundation, are open to journalists 
worldwide. There were entries this year from 54 countries. 

Independent panels of science journalists select the winners. A 
Gold Award ($5000) and a Silver Award ($3500) are presented in 
each of eight categories. 

Emily Anthes, a freelancer for Bloomberg Businessweek, won a 
Gold Award in the magazine category for a story on the search for 
a male contraceptive. Maggie Koerth-Baker won a Gold Award for 
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a lively online story for FiveThirtyEight about Pan Pan, the oldest 
known male panda at the time of his death in 2016. 

Silver Award winners included Tony Bartelme in the small news- 
paper category for a report in The Post and Courier in Charleston, 
South Carolina, on the impact of destructive algae blooms and an 
audio team from Montana Public Radio for an ambitious report on 
the threat of invasive zebra and quagga mussels in Montana waters. 

“These awards represent the highest quality in science journal- 
ism,” said Rush Holt, AAAS chief executive officer. “Congratulations 
to the winners for their important and compelling stories.” The 
awards will be presented at a 15 February ceremony held in conjunc- 
tion with the 2019 AAAS Annual Meeting in Washington, D.C. 

In addition to the annual awards, the AAAS Kavli program also 
brings past winners to college campuses for public lectures and 
workshops with journalism students. The speakers this fall were 
Sarah Holt, a three-time winner in the video category, who discussed 
the making of her new PBS NOVA documentary on addiction in a talk 
at Arizona State University on 23 October; Llewellyn Smith, a two- 
time video winner, who spoke at Howard University on 1 November 
about the relevance of science journalism for social justice; and 
freelancer Hillary Rosner, a two-time winner in print categories, who 
spoke at Northwestern University on 8 November about the chal- 
lenges of covering conservation in an era of upheaval. 
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The winners are: 


Large Newspaper (Circulation 
of 150,000 or more) Gold Award: 
Mike Hixenbaugh, The Houston 
Chronicle, for “Alive Inside” 
(series)—3 to 6 December 2017. 


Large Newspaper Silver Award: 
Marc Hasse, Hamburger Abenablatt 
(Germany), for “Hamburgs nachste 
Elbphilharmonie?” —26 August 2017. 


Small Newspaper (Circulation less 
than 150,000) Gold Award: Kale 
Williams, The Oregonian (Portland), 
for “The loneliest polar bear” 
(series)—16 to 20 October 2017. 


Small Newspaper Silver Award: 
Tony Bartelme, The Post and Courier 
(Charleston, S.C.), for “Scum” — 

17 September 2017 


Magazine Gold Award: Emily Anthes, 
Bloomberg Businessweek, for “What Do 
We Have to Do to Get the Male Pill?” — 
7 August 2017. 


Magazine Silver Award: Nicola Twilley, 
The New Yorker, for “The Exercise 
Pill” —6 November 2017 


Video Spot News/Feature Reporting 
(20 minutes or less) Gold Award: 
Joss Fong, David Seekamp, Rubab 
Shakir, and Laura Bult, Vox.com for 
Netflix, “Designer DNA, explained” — 
23 May 2018. 


Video Spot News/Feature 

Reporting Silver Award: Jennifer Green 
and Jules Bartl, BBC World Service, 

for “How trees secretly talk to each 
other” —28 June 2018. 


Video In-Depth Reporting 
(more than 20 minutes) Gold Award: 
Emer Reynolds, John Murray, Clare 


Stronge, John Rubin, and Sean B. 
Carroll, A Crossing the Line and HHMI 
Tangled Bank Studios Production 

for PBS, “The Farthest—Voyager in 
Space” —23 August 2017. 


Video In-Depth Reporting Silver 
Award: Jamie Lochhead and Charlotte 
Hunt-Grubbe, Windfall Films for SVT2 
(Sweden), Channel 4 (UK), and PBS, 
for “Ozone Hole: How We Saved the 
Planet” —21 May 2018 (SVT2). 


Audio Gold Award: Cathy Edwards and 
Marnie Chesterton, BBC World Service, 
for “CrowdScience: Is Carbon Dioxide 
Higher Than Ever?” —6 October 2017. 


Audio Silver Award: Nicky Ouellet, 
Eric Whitney, Josh Burnham, and 
Nora Saks, Montana Public Radio, for 
“SubSurface: Resisting Montana's 
Underwater Invaders” (series) — 
20 November, 24 November, 

4 December, 10 December, and 

18 December 2017. 


Online Gold Award: Maggie 
Koerth-Baker, FiveThirtyEight, for 
“The Complicated Legacy of a Panda 
Who Was Really Good at Sex” — 

28 November 2017. 


Online Silver Award: Sarah Zhang, 
The Atlantic.com, for “China Is 
Genetically Engineering Monkeys 
with Brain Disorders” — 8 June 2018. 


Children’s Science News Gold Award: 
Jeanne Miller, Muse magazine, for 
“Fighting to the End”—October 2017. 


Children’s Science News Silver 
Award: Anna Rothschild, “Science 
Magic Show Hooray” from The 
Washington Post, for “Why do we have 
butts?” —31 May 2018, and “Why am | 
so sweaty?” —12 July 2018. 


Annual Meeting focuses on boundary- 


breaking research 


Attendees of the 2019 Annual Meeting of the American Association for 
the Advancement of Science will celebrate three milestones that ex- 
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emplify the 2019 meeting theme of science transcending boundaries. 
The 150th anniversary of the presentation of the periodic table of ele- 

ments helped bridge the gap between chemistry, physics, and biology, 
while the 50th anniversary of Neil Armstrong’s moonwalk and the first 
messages sent on the nascent internet erased the boundary between 

Earth and space and brought the world closer together than ever. 

The 2019 annual meeting, to be held 14 to 17 February in Washing- 
ton, D.C., will highlight research that brings together people, ideas, and 
solutions across boundaries in plenary and topical lectures, scientific 
sessions, career workshops, and public events such as Family Science 
Days. Among the topics to be discussed are the challenges of climate 
change, artificial intelligence, drug discovery, criminal justice, and 
more. Visit the Annual Meeting site at https://meetings.aaas.org for 
registration materials and a detailed program. 
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PLANT SCIENCE 


Rooting out the 
mechanism of asymmetry 


lant roots grow not in response to 
architectural blueprints but rather 
in search of scarce resources in 
the soil. Orosa-Puente etal. show 
why a new lateral root.emerges 
on the damp side of a root rather than 
the dry side (see the Perspective by 
Giehl and von Wirén). The transcription 
factor ARF7 is found across the whole 
root but acquires a posttranslational 
modification on the dry side of the root, 


which represses its function. ARF7 

on the damp side remains functional 
and is thus able to initiate the signal- 
ing cascade that leads to a new lateral 


root. —PJH 


Science, this issue p. 1407; see also p.1358 


Computer-generated image of 
Arabidopsis thaliana root preferentially 
branching toward moist soil. 


Helium escaping from 
hot gas giants 


Many gas giant exoplanets orbit 
so close to their host star that 
they are heated to high tem- 
peratures, causing atmospheric 
gases to escape. Gas giant atmo- 
spheres are mostly hydrogen 
and helium, which are difficult 

to observe. Two papers have 

now observed escaping helium 

in the near-infrared (see the 
Perspective by Brogi). Allart et al. 
observed helium in a Neptune- 
mass exoplanet and performed 
detailed simulations of its atmo- 
sphere, which put constraints 

on the escape rate. Nortmann et 
al. found that helium is escaping 


1372 


a Saturn-mass planet, trailing 
behind it in its orbit. They com- 
bined this with observations of 
several other exoplanets to show 
that atmospheres are being lost 
more quickly by exoplanets that 
are more strongly heated. —KTS 
Science, this issue p. 1384, p. 1388; 
see also p.1360 


Breaking through the 
nitrogen ceiling 
Single-molecule magnets 
could prove useful in miniatur- 
izing a wide variety of devices. 
However, their application has 
been severely hindered by the 
need to cool them to extremely 
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low temperature using liquid 
helium. Guo et a/. now report 
a dysprosium compound that 
manifests magnetic hysteresis 
at temperatures up to 80 kelvin. 
The principles applied to tuning 
the ligands in this complex could 
point the way toward future 
architectures with even higher 
temperature performance. —JSY 
Science, this issue p. 1400 


Quantum dots line up 
as a quasicrystal 


Quasicrystals have rotational 
symmetry but no long-range 
order. Although several materi- 
als have quasicrystalline order, 


examples of quasicrystalline 
superlattices formed from dif- 
ferent types of particles are rare. 
Nagaoka et al. discovered a type 
of 10-fold quasicrystalline super- 
lattice formed from truncated 
tetrahedral quantum dots (see 
the Perspective by Wu and Sun). 
The order is driven by a “flex- 
ible polygon tiling rule,” which 
explains the unique arrangement 
of the quantum dots. —BG 
Science, this issue p. 1396; 
see also p. 1354 


Not as advertised 

Marine protected areas (MPAs) 
have increasingly designated 
globally, with an associated 
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advertised percentage of area 
protected. However, recent 
research has made it clear that 
many MPAs are not actually 
protecting marine biodiver- 
sity. Dureuil et al. focused on 
European MPAs and found 
that trawling, one of the most 
damaging types of fishing, 
occurs widely in these areas. 
Furthermore, using sharks and 
rays as indicator species, they 
found that many MPAs are failing 
to protect vulnerable species. 
—SNV 

Science, this issue p.1403 


SOCIAL NETWORKS 
The strength of 
long-range ties 


It seems reasonable that we 
would have the closest, stron- 
gest ties with people in our 
immediate social network and 
that the ties between networks 
would be weaker. However, Park 
et al. discovered strong ties that 
spanned extreme network (not 
geographic) distances in 11 cul- 
turally diverse population-scale 
networks on four continents— 
encompassing 56 million Twitter 
users and 58 million mobile 
phone subscribers. Although 
they are fairly rare, strong ties 
between networks could be 
important for the spreading of 
ideas or disease. —BJ and TSR 


Science, this issue p.1410 


CANCER 
Small molecules spark 
NK cell response 


Immunotherapy is a powerful 
treatment for certain cancers. 
Yet for those patients that do not 
respond, simultaneous strate- 
gies that mobilize the immune 
system and directly target malig- 
nant cells may be more effective. 
Ruscetti et al. report that com- 
bining two clinically approved 
cancer drugs promoted immune 
surveillance and killing of 
KRAS-mutant lung tumors in 
mice (see the Perspective by 
Cornen and Vivier). The two 
small molecules—a mitogen- 
activated protein kinase inhibitor 
and a cyclin-dependent kinase 
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4/6 inhibitor—induced natural 
killer (NK) cell recruitment and 
elimination of senescent lung 
cancer cells, which did not occur 
when either agent was used 
alone. —PNK 

Science, this issue p. 1416; 

see also p. 1355 


NEUROSCIENCE 
A safer way to probe 


for brain cancer 


Needle biopsies of the brain are 
commonly used for diagnos- 
ing brain tumors but can cause 
intracerebral hemorrhage. 
Ramakonar et al. developed 
a high-resolution imaging 
needle that allows for improved 
visualization and differentia- 
tion of at-risk blood vessels in 
real time. They detected blood 
vessels with high sensitivity and 
specificity over a large field of 
view in both mouse brain and 
human brain tissue samples. 
Thus, optical imaging needles 
could reduce the occurrence 
of brain hemorrhages during 
biopsies and other neurosurgical 
procedures. —PJB 

Sci. Adv. 10.1126/sciadv.aav4992 

(2018). 


ROBOTIC MANIPULATION 
3D-printed, partially 
passive piano player 
Our bodies are capable of a wide 
range of complex behaviors, but 
these abilities are limited by the 
specific anatomic and environ- 
mental conditions. Hughes et al. 
used this “conditional model” 
concept to test three-dimen- 
sionally (3D)—printed skeletal 
robot hands with ligaments of 
varied elasticity connecting rigid 
finger bones. Moving the base of 
the hand made the fingers play 
a piece of piano music. Varying 
ligament stiffness and hand 
movement enabled or restricted 
subsequent actions, such as a 
finger and thumb simultane- 
ously pressing keys far apart. By 
changing these parameters, one 
hand could play three pieces of 
music that each required a dif- 
ferent playing style. —RLK 

Sci. Robot. 3, eaau3098 (2018). 


IN OTHER JOURNALS 


MIGRATION 


Edited by Caroline Ash 
and Michael Funk 


The importance of lugworms 


s the climate warms, Arctic ice melts are occurring 
earlier in spring, and earlier ice melt means an early 
Arctic summer. For birds that migrate to the poles from 
temperate and tropical regions to breed, seasonal shifts 
represent a notable challenge to reproductive physiol- 
ogy. Rakhimberdiev et al. show that a wading bird called a 
bar-tailed godwit can arrive on the breeding grounds earlier 
in the year by shortening its over-wintering time by reducing 
the time it spends on the refueling grounds in the Wadden 
Sea of northwestern Europe. Increased rates of feeding, 
especially on lugworms, can compensate for a shorter feed- 
ing season. However, mortality is extensive if food sources 
become scarce, with one major factor being mechanized 
human harvest of lugworms in the Wadden Sea. —SNV 


Nat. Comm. 9, 4263 (2018). 
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IMMUNOLOGY 
Lymph node 
mass transport 


Cytokines are transported around 
the body via a network of lymph 
ducts and lymph nodes. Conduits 
within lymph nodes convey cyto- 
kines from the subcapsular sinus 
(SCS) into the deep parenchyma. 
From there, they discharge into 
high endothelial venules. In the 
SCS, sinus-lining cells prevent 
molecules greater than 70 kilo- 
daltons from entering conduits. 
Nevertheless, Thierry et al. found 
that the massive 970-kilodalton 
pentamers of immunoglobulin M 
antibodies can cross into con- 
duits. Transport is mediated by 
transient, activated, antigen-spe- 
cific B cells, thus enabling rapid 
mobilization of the first wave of 
antibodies produced during an 
acute infection. —STS 

J. Exp. Med. 215, 2972 (2018). 


VIROLOGY 
Revelation in the 
gut virome 


Some of the trillions of bacteria 
in the human gut are beginning 
to disclose their secrets. By 
contrast, we know little about 
the viruses other than that there 
are even more of them and most 
parasitize bacteria and other 
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microbiota. Guerin et al. system- 
atically investigated fecal DNA 
bacteriophages called crAss- 
phages, which appear to infect 
Bacteroidetes. These phages are 
found in about half of individuals, 
constitute 90% of fecal DNA, 
and show differences in health 
and disease (for example, in 
malnourished infants). crAss- 
phage genes tend not to match 
known sequences, but, through 
the use of a variety of methods 
on almost 100 complete circular 
genomes extracted from more 
than 700 human gut microbiota, 
four crAssphage subfamilies 
were found, each composed of 
10 genera and with short-tailed 


icosahedral podovirus structures. 


—CA 


Cell Host Microbe 24, 653 (2018). 


BIOORGANIC CHEMISTRY 
Electrochemically 
clicking on tyrosine 


Proteins are readily modified 

at lysine or cysteine residues, 
but for the other amino acids, 
general methods still need to 
be developed. For example, for 
electron-rich tyrosine, click 
methods have been developed 
based on cyclic diazodicarboxy- 
amide anchors, but activation 
with chemical oxidants can also 
modify lysine residues or create 
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PHYSIOLOGY 


Targeting brown fat to 
make less fat 


rown fat can release energy from 


products with limited aque- 
ous stability. Alvarez-Dorta et 
al. show that tyrosine residues 
on proteins, including insulin 
and bovine serum albumin, can 
be targeted by electrochemi- 
cally oxidizing pheny! urazoles 
without affecting amine or thiol 
groups of other amino acids. A 
reactive N=N species gener- 
ated in the five-membered ring 
reacts with the C-H bonds 
adjacent to the tyrosine OH 
group. —PDS 


J.Am. Chem. Soc. 140, 17120 (2018). 


MATERIALS SCIENCE 
Connecting the dots 


Much of the power of chemistry 
comes from the wide range of 
methods that can be used to 
connect atoms and molecules 
selectively at desired posi- 

tions. Colloidal nanoparticles 
offer their own range of tunable 
properties that can be enhanced 
by connecting them together 

into superstructures through 

the bonding of their oligomeric 
surface ligands. Chen et al. 
developed a method using a 
block copolymer and solvent 

to selectively cover part of the 
nanoparticles, creating a mask for 
subsequent attachment of DNA. 
The coverage of the particles can 
be tuned by adjusting the ratio of 
hydrophilic to hydrophobic ligand, 


food as heat instead of storing it and 

could thus help in battling obesity. Li 

et al. found that after a meal, brown 

fat in mice was stimulated to increase 
thermogenesis by direct action of the gut 
hormone secretin. The heat produced may be 
detected by the brain and thus induce a sense 
of satiety. This signaling relay may increase 
energy expenditure and decrease appetite, 
making it a potential target for therapies that 
attempt to control obesity. -LBR 


Cell 175, 1561 (2018). 


Heat production by brown fat cells (shown) 
might reduce appetite. 


because this changes the way the 
ligands pack on the surface of the 
nanoparticles. —MSL 
Nat. Mater. 10.1038/ 
$41563-018-0231-1 (2018). 


DIVERSITY IN STEM 
With role models come 
persistence 


Role model programs centered 
on women and underrepresented 
groups have been successful 
for early career scientists, but 
are they successful for under- 
graduate students? Hernandez 
et al. describe PROGRESS, a role 
modeling and mentoring program 
aimed at supporting undergradu- 
ate women in the geosciences, 
a historically male-dominated 
field. PROGRESS participants 
reported higher rates of per- 
sistence in geoscience-related 
majors, which was related to the 
number of female STEM career 
role models that they were able 
to identify; participants’ odds of 
persisting in geoscience approxi- 
mately doubled for each role 
model identified. The preliminary 
evidence suggests that present- 
ing undergraduate students with 
successful female role models 
can encourage undergraduates 
to believe that they, too, can be 
successful scientists. -MMc 
Geosphere 14, 2585 (2018). 
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CELL BIOLOGY 
Protecting the heart 


Excitation-contraction (E-C) 
coupling is fundamental to heart 
contraction. Junctophilin-2 is a 
structural protein required for 
formation of the E-C coupling 
machinery. During heart disease, 
stress-activated calpain cleaves 
junctophilin-2, disrupting the E-C 
coupling machinery and calcium 
ion signaling, which compromises 
cell contraction. Guo et al. found 
that under stress conditions, 
calpain-mediated cleavage con- 
verted full-length junctophilin-2 
from a structural protein into a 
transcriptional regulator that 
shuttled to the nucleus (see the 
Perspective by Padmanabhan 
and Haldar). Furthermore, failing 
cardiomyocytes in stressed myo- 
cardium transduced mechanical 
information (E-C uncoupling) into 
transcriptional reprogramming. 
—BAP 


Science, this issue p. 1375; 
see also p. 1359 


STRUCTURAL BIOLOGY 
Mechanism of promoter 


recognition 
To start transcription, RNA 
polymerase Il is recruited by the 
general transcription factor IID 
(TFIID) to the DNA promoter. 
Patel et al. used a combination 
of experimental approaches 
to elucidate the full molecular 
architecture of human TFIID and 
its complete conformational 
landscape during promoter rec- 
ognition. They suggest exactly 
how TFIID is loaded onto the 
promoter, which involves defined 
steps—including promoter 
recognition and transcription 
initiation—and leads to regulated 
gene expression. —SYM 

Science, this issue p.1376 


STRUCTURAL BIOLOGY 
Architecture of the 
human TRPM2 channel 


Adenosine diphosphate-ribose 
(ADPR) mediates calcium (Ca?*) 
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release by activating the 
transient receptor potential 
melastatin 2 (TRPM2) channel. 
Three structures now elucidate 
the conformational regulation 
mechanism of TRPM2 gating. 
Wang et al. describe cryo—elec- 
tron microscopy structures 

of human TRPM2 in the apo, 
ADPR-bound, and ADPR- and 
Ca**-bound states. In the apo 
state, both intra- and intersub- 
unit interactions appeared to 
lock TRPM2 into a closed and 
autoinhibited state. ADPR bind- 
ing disrupted some interactions 
and dramatically altered the 
TRPM2 conformation. Binding of 
Ca** further primed the opening 
of the channel. —SYM 


Science, this issue p. 1377 


MOLECULAR MAGNETS 


Cobalt unfettered by its 
ligand field 


Applied magnetic fields induce 
a field in any compound with 
unpaired electrons. However, 

for the induced field to persist 
once the applied field is gone, 
the electrons must be config- 
ured to manifest orbital angular 
momentum. Generally, the influ- 
ence of ligands severely restricts 
that property in transition metal 
complexes. Bunting et al. now 
show that a cobalt ion is just 
barely affected by two linearly 
coordinated carbon ligands and, 
as such, exhibits maximal orbital 
angular momentum. Although its 
magnetic properties mainly per- 
tain at very low temperature, its 
structure offers a more general 
design principle. —JSY 


Science, this issue p. 1378 


CRITICAL TRANSITIONS 
Cascading effects of 
regime shifts 


The potential for regime shifts 
and critical transitions in 
ecological and Earth systems, 
particularly in a changing climate, 
has received considerable atten- 
tion. However, the possibility of 
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interactions between such shifts 
is poorly understood. Rocha et al. 
used network analysis to explore 
whether critical transitions in 
ecosystems can be coupled with 
each other, even when far apart 
(see the Perspective by Scheffer 
and van Nes). They report differ- 
ent types of potential cascading 
effects, including domino effects 
and hidden feedbacks, that can 
be prevalent in different systems. 
Such cascading effects can 
couple the dynamics of regime 
shifts in distant places, which 
suggests that the interactions 
between transitions should be 
borne in mind in future forecasts. 
—AMS and BJ 

Science, this issue p.1379; 

see also p.1357_ 


GUT MICROBES 
Distinguishing two similar 
gut disorders 


Inflammatory bowel disease and 
irritable bowel syndrome are two 
of the most common diseases 
of the gastrointestinal tract. Vich 
Vila et al. characterized the gut 
microbe composition of both 
disorders using shotgun metage- 
nomic sequencing of stool 
samples from 1792 individuals. 
Bacterial taxonomy, metabolic 
functions, antibiotic resistance 
genes, virulence factors, and 
bacterial growth rates revealed 
key differences between these 
two gut disorders. -OMS 

Sci. Transl. Med. 10, eaap8914 (2018). 


PLASMA ASTROPHYSICS 
Reconnection in Earth’s 
magnetotail 


Magnetic fields in plasmas 

can rapidly rearrange them- 
selves in a process known as 
magnetic reconnection, which 
releases energy and acceler- 
ates particles. Torbert et a/. used 
the Magnetospheric Multiscale 
(MMS) mission to probe a 
reconnection event in Earth's 
magnetotail—the region of 
plasma downstream from the 


planet as it moves through the 
solar wind. MMS has previously 
studied reconnection in the 
upstream magnetopause, but 
a different orbit was used to 
study the magnetotail, where 
the symmetry of the process is 
different. The authors measured 
plasma properties on scales of 
the electron dynamics, leading 
to insights that will apply in other 
regions where magnetic recon- 
nection occurs. —KTS 

Science, this issue p.1391 


PALEOBOTANY 
Late Permian seed-plant 
evolution 


The great evolutionary expan- 
sion of seed plants took place 
in the Mesozoic era, which 
began after the Permian mass 
extinction 252 million years ago. 
Blomenkemper et al. report the 
discovery of seed-plant fossils 
from Late Permian (252-mil- 
lion- to 260-million-year-old) 
deposits on the margins of the 
Dead Sea in Jordan. This area 
represents an equatorial habitat 
with pronounced dry seasons. 
These fossils, which include the 
earliest records of conifers, push 
back the ages of several impor- 
tant seed-plant lineages. Some 
of these lineages appear to span 
the mass extinction event at 
the end of the Permian, which 
suggests that the communi- 
ties they supported may have 
been more stable than expected 
over this transition. Thus, early 
evolutionary innovations can 
occur in drought-prone tropical 
habitats—which rarely offer 
the conditions needed for fossil 
preservation. —AMS 

Science, this issue p. 1414 


PAIN 
A painful lipid in irritable 
bowel syndrome 


Patients with irritable bowel 
syndrome (IBS) often experi- 
ence abdominal pain. Bautzova 
et al. found that the abundance 
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of the polyunsaturated fatty 
acid 5-oxoETE was selectively 
increased in colonic biopsies 
from patients with a subtype of 
IBS characterized by constipa- 
tion. They showed that 5-oxoETE 
increased pain sensitivity in 
mice without eliciting inflam- 
mation and stimulated both 
mouse and human pain-sensing 
neurons expressing the G pro- 
tein—coupled receptor Mrgprd. 
Knockdown of Mrgprd in mice 
reduced the percentage of neu- 
rons that responded to 5-oxoETE 
and decreased pain sensitivity. 
—JFF 

Sci. Signal. 11, eaal2171 (2018). 


CELL BIOLOGY 
Membrane scission by 
ESCRTs 


The ESCRT protein complexes 
are essential for cell division, 
the release of HIV from infected 
cells via budding, and other 

cell processes involving the 
scission of narrow membrane 
necks from their inner surface. 
The unusual inside-directed 
membrane cutting has made it 
hard to recapitulate this reaction 
and understand its mechanism. 
Schoneberg et al. encapsulated 
ESCRTs inside lipid vesicles 

and used optical tweezers to 
pull out membrane nanotubes. 
In the presence of adenosine 
triphosphate, clusters of ESCRTs 
generated force and constricted 
the nanotube, eventually sever- 
ing it. This approach provides 

a window into the molecular 
mechanisms involved in the 
activities of ESCRTs. -SMH 


Science, this issue p. 1423 


TUMOR IMMUNOLOGY 
6 T cells come to 
the fore 


Studies on T cells within the 
tumor microenvironment have 
largely focused onT cells that 
express y6 T cell receptors 
(TCRs). Benveniste et a/. used an 
in vitro culture system to expand 
melanoma antigen-specific T 
cells and identified y8 T cells that 
recognize melanoma antigens in 
aclass | major histocompatibility 
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complex (MHC)-restricted 
manner. They then crystallized 
one of these yé TCRs complexed 
with cognate peptide, MHC, and 
62 microglobulin. T cell-centric 
therapies have been success- 
ful in treating certain cancers. 
These results should contribute 
toward a closer examination of 
the role of y8T cells in the tumor 
microenvironment of melano- 
mas and other cancers. —AB 


Sci. Immunol. 3, eaav4036 (2018). 
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CELL BIOLOGY 


E-C coupling structural protein 
junctophilin-2 encodes a stress-adaptive 
transcription regulator 


Ang Guo, Yihui Wang, Biyi Chen, Yunhao Wang, Jinxiang Yuan, Liyang Zhang, 
Duane Hall, Jennifer Wu, Yun Shi, Qi Zhu, Cheng Chen, William H. Thiel, 

Xin Zhan, Robert M. Weiss, Fenghuang Zhan, Catherine A. Musselman, 

Miles Pufall, Weizhong Zhu, Kin Fai Au, Jiang Hong, Mark E. Anderson, 


Chad E. Grueter, Long-Sheng Song* 


INTRODUCTION: Cardiac excitation-contraction 
(E-C) coupling refers to a cascade of Ca”*-mediated 
events whereby membrane depolarization leads 
to cell contraction. At the subcellular level, E-C 
coupling occurs within a microdomain of the 
cardiomyocyte, termed the cardiac dyad. In 
various forms of heart disease, such as patholog- 
ical hypertrophy and heart failure, the E-C cou- 
pling process is abnormal, in part because of 
ultrastructural remodeling. Abnormal Ca?* 
homeostasis (as a result of failed E-C coupling) 
triggers maladaptive remodeling at the tran- 
scriptional level, contributing to pathological 
myocardial remodeling, hypertrophy, and heart 
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failure. However, it remains unclear whether 
cardiomyocytes possess a self-protective or 
homeostatic mechanism that mitigates ad- 
verse myocardial remodeling. 


RATIONALE: Junctophilin-2 (JP2) is a struc- 
tural protein that organizes the E-C coupling 
ultrastructural machinery in cardiomyocytes. 
We previously showed that calpain-mediated 
proteolytic cleavage of JP2 is key to its down- 
regulation in the diseased heart after car- 
diac stress. This cleavage contributes to loss 
of ultrastructural integrity at cardiac dyads, 
E-C uncoupling, and dysfunction of Ca?* hand- 
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Schematic depiction of the mechanism by which JP2NT converts a mechanical stress 
signal to transcriptional reprogramming in the stressed heart. Left: E-C coupling under 
physiological conditions. Right: E-C coupling under pathologic conditions. Cardiac stress 
results in Ca2* overload (1), promoting calpain activation (2). The resulting cleavage of 
JP2 liberates JP2NT from the T-tubule/sarcoplasmic reticulum junction, disrupting the 
ultrastructure of the E-C coupling machinery (3). JP2NT is shuttled into the nucleus via a 
conserved NLS (4). JP2NT binds to TATA-box elements via the ARR and associates with a 
MEF2 response element (MRE) to repress the transcription of genes that control deleterious 
cardiac remodeling (5). 
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ling that results in heart failure. Computa- 
tional analyses predicted that JP2 contains a 
nuclear localization signal (NLS), as well as 
an alanine-rich region (ARR) with character- 
istics of a helix-turn-helix structure, a DNA 
binding motif. We tested the hypothesis that 
JP2 encodes a stress-adaptive transcriptional 
regulator, which transduces mechanical infor- 
mation (E-C uncoupling) into transcriptional 
reprogramming in the myocardium in the 


setting of cardiac stress. 
ON OUR WEBSITE 


Read the full article 
at http://dx.doi. 
org/10.1126/ 
science.aan3303 


RESULTS: Biochemical, 
mutagenesis, and confocal 
imaging analyses revealed 
that stress-induced pro- 
teolysis of JP2 liberated 
an N-terminal fragment (JP2NT) that was 
imported into the nucleus through its NLS. 
Further biochemical and microarray assays 
showed that in the nucleus, JP2NT asso- 
ciated with chromatin and regulated tran- 
scription of a wide spectrum of genes via an 
evolutionarily conserved ARR located in the 
a-helix region of JP2. Chromatin immuno- 
precipitation sequencing (ChIP-seq) of JP2NT- 
overexpressing hearts revealed that it bound 
preferentially to the transcription start sites 
(TSSs) of genes, and gel shift studies defined 
the DNA binding motifs of JP2NT as the TATA 
box and a MEF2-response element (MRE). Ele- 
vation of JP2NT levels by JP2NT overexpres- 
sion altered the in vivo genomic binding profile 
of TATA-box binding protein (TBP) and MEF2C. 
In addition, JP2NT suppressed the transcrip- 
tional activity of MEF2C by competing for MRE. 
Overexpression of JP2NT in mice led to repro- 
gramming of the transcriptome in the setting 
of stress and attenuated hypertrophic remod- 
eling and the progression of heart failure. Loss 
of JP2NT function by deletion of the JP2 NLS 
in mice accelerated the development of hyper- 
trophy and heart failure after cardiac stress. 


CONCLUSION: Our data reveal that calpain- 
mediated cleavage of JP2 transforms this E-C 
coupling structural protein into a transcrip- 
tional regulator that is shuttled into the nu- 
cleus and binds to promoters of target genes, 
inducing cardioprotective transcriptional re- 
programming. These data reveal that cardio- 
myocytes possess a self-protective mechanism 
that counters pathological transcriptional re- 
modeling after cardiac stress. Our findings 
also identify an intrinsic direct connection 
between ultrastructural remodeling and tran- 
scriptional reprogramming in the stressed 
heart. ! 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: long-sheng-song@uiowa.edu 
Cite this article as A. Guo et al., Science 362, eaan3303 
(2018). DOI: 10.1126/science.aan3303 
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E-C coupling structural protein 
junctophilin-2 encodes a stress-adaptive 
transcription regulator 


Ang Guo’, Yihui Wang””, Biyi Chen’, Yunhao Wang’, Jinxiang Yuan’, Liyang Zhang”, 
Duane Hall’, Jennifer Wu’, Yun Shi’, Qi Zhu’’*, Cheng Chen”, William H. Thiel’, 
Xin Zhan’, Robert M. Weiss’, Fenghuang Zhan’, Catherine A. Musselman’, 

Miles Pufall®, Weizhong Zhu‘, Kin Fai Au’*, Jiang Hong”, Mark E. Anderson’, 


Chad E. Grueter’®, Long-Sheng Song?®7+ 


Junctophilin-2 (JP2) is a structural protein required for normal excitation-contraction 
(E-C) coupling. After cardiac stress, JP2 is cleaved by the calcium ion—dependent protease 
calpain, which disrupts the E-C coupling ultrastructural machinery and drives heart failure 
progression. We found that stress-induced proteolysis of JP2 liberates an N-terminal 
fragment (JP2NT) that translocates to the nucleus, binds to genomic DNA, and controls 
expression of a spectrum of genes in cardiomyocytes. Transgenic overexpression of 
JP2NT in mice modifies the transcriptional profile, resulting in attenuated pathological 
remodeling in response to cardiac stress. Conversely, loss of nuclear JP2NT function 
accelerates stress-induced development of hypertrophy and heart failure in mutant mice. 
These data reveal a self-protective mechanism in failing cardiomyocytes that transduce 
mechanical information (E-C uncoupling) into salutary transcriptional reprogramming 


in the stressed heart. 


alcium ion (Ca”") signaling affects almost 

every aspect of cells (7). In heart muscle, 

excitation-contraction (E-C) coupling is a 

cascade of Ca?*-mediated processes linking 

membrane depolarization to activation 
of cell contraction (2). At the cellular level, 
E-C coupling in working ventricular myocytes 
depends on precise communication between 
voltage-gated L-type Ca?* channels located 
mainly on the transverse tubule (T-tubule) 
membrane and Ca”*-sensitive ryanodine re- 
ceptors (RyRs) on the terminal cisternae of the 
sarcoplasmic reticulum (SR) (3-6). Upon mem- 
brane depolarization, Ca?* influx through the 
opening of voltage-gated L-type Ca?* channels 
increases local Ca?* concentration. This high 
concentration of Ca?* sensitizes adjacent RyRs 
to release a much larger amount of Ca?* from 
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the SR. The SR-released Ca?* together with Ca?* 
influx activates myofilaments, resulting in myo- 
cyte contraction. This intermolecular Ca?* cross- 
talk between L-type Ca”* channels and RyRs 
takes place in a confined spatial microdomain, 
where T-tubules and terminal cisternae of SR 
form tight junctional couplings with a gap of 
12 to 15 nm, termed “cardiac dyads” (7). Cardiac 
dyads provide the structural basis for E-C cou- 
pling and are established and maintained by 
junctophilin-2 (JP2) (8). JP2 contains eight 
N-terminal MORN (membrane occupation and 
recognition nexus) domains that mediate inter- 
actions with the T-tubule membrane, a space- 
spanning o helix that is thought to control the 
dyad distance, and a C-terminal transmembrane 
(TM) domain that anchors JP2 in the SR mem- 
brane (8, 9). Genetic manipulation of JP2 by 
silencing, knockout, or overexpression authen- 
ticated its role as a structural protein respon- 
sible for the formation of cardiac dyads and 
maintenance of normal E-C coupling in the heart 
(8, 10, 11). 

Defective E-C coupling is a hallmark of heart 
failure (12-16). Recent studies have provided 
compelling evidence that the expression level 
of JP2 is decreased in failing hearts of multiple 
etiologies including human heart failure, con- 
tributing to the loss of ultrastructural integrity 
of cardiac dyads and E-C coupling dysfunction 
(16-22). In particular, we discovered that JP2 
proteolytic cleavage by calpain in response to 
cardiac stress represents a key mechanism of 
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JP2 down-regulation, causing E-C uncoupling, 
Ca?* mishandling, and heart failure (23-25). 
Abnormal Ca”* homeostasis triggers maladap- 
tive transcriptional remodeling, contributing to 
pathological myocardial remodeling and devel- 
opment of heart failure (26-32). However, it was 
not clear whether cardiomyocytes undergoing 
E-C uncoupling possess a self-protective or ho- 
meostatic mechanism that mitigates adverse 
myocardial remodeling. It was also unknown 
whether there is an intrinsic connection between 
cardiac ultrastructural remodeling at E-C cou- 
pling junctions and transcriptional reprogram- 
ming in stressed hearts. 

Here, we show a mechanism in which a JP2 
fragment, generated during cardiac stress and a 
marker of E-C uncoupling, serves as a negative 
feedback mechanism to antagonize maladaptive 
cardiac remodeling. This fragment translocates 
to the nucleus and represses transcriptional re- 
programming, in part through regulating a key 
muscle transcription factor, MEF2 (myocyte en- 
hancer factor 2). Specifically, we found that the 
o-helix domain of JP2 contains an evolutionarily 
conserved DNA binding domain. Under stress 
conditions, proteolytic processing of JP2 by calpain 
converts it from a structural protein to a tran- 
scriptional regulator, indicating an intrinsic con- 
nection between cardiomyocyte ultrastructural 
remodeling and transcriptional reprogramming 
in the heart. 


Nuclear localization of JP2NT 


We previously reported that JP2 is a substrate 
of calpain (calpain 1) and identified the primary 
calpain proteolysis site in the C-terminal region of 
JP2 between residues Are” and Thr’™ (24). Cal- 
pain cleavage creates an N-terminal truncate (resi- 
dues 1 to 565, termed JP2NT) that contains the 
plasma membrane-binding MORN motifs, and a 
C-terminal fragment containing the SR mem- 
brane-anchoring TM domain (Fig. 1A). We per- 
formed Western blotting with an antibody to an 
internal epitope of JP2, which is not destroyed 
by calpain cleavage of JP2 (fig. SIA). Analysis of 
subcellular fractions of mouse myocardium es- 
tablished that endogenous JP2NT (75 kDa) is 
present and predominantly enriched in nuclear 
fractions (Fig. 1B and fig. S1, B and C). Immuno- 
stainings of human and mouse myocardium 
sections using the same antibody also detected 
a JP2 product in nuclei (fig. $2, arrows). In 
contrast, an antibody to the C terminus of JP2 
did not detect JP2 signals in the nucleus of myo- 
cardium sections (fig. S2). JP2NT was markedly 
increased in myocardium from mice with cardiac- 
specific overexpression of calpain1 and enriched 
in the nuclear fraction (Fig. 1C) [for calpain1-OE 
mice, see (33)]. In addition, treatment with micro- 
coccal nuclease (MNASE), which cleaves DNA and 
releases chromatin-associated proteins, released 
JP2NT from the chromatin pellet (Fig. 1C); this 
result substantiates the nuclear localization of 
endogenous JP2NT in vivo and suggests that 
JP2NT is a chromatin-associated protein. 

We hypothesized that pathological stresses 
that activate calpain (34) promote the generation 
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and nuclear accumulation of JP2NT. Consistent 
with this notion, we found that both isoprotere- 
nol infusion (Fig. 1D and figs. S1IB and S2A) and 
myocardial infarction (Fig. 1E, fig. S1C, and fig. 
S2, B and C) increased the amount of JP2NT in 
nuclei of stressed hearts relative to (sham) con- 
trols. Under pressure overload stress, nuclear 


accumulation of JP2NT reached its peak at 2 
to 3 weeks after transaortic banding (TAB) 
surgery (Fig. 1F). Conversely, administration of 
the calpain inhibitor MDL-28170 significantly 
attenuated stress-induced elevation in nuclear 
JP2NT (Fig. 1, D to F), further supporting the 
idea that calpain-mediated proteolysis of full- 
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length JP2 under cardiac stress results in ac- 
cumulation of nuclear JP2NT. 

These data led us to postulate that the post- 
translational removal of JP2 C terminus is suf- 
ficient to promote JP2NT translocation into the 
nucleus. To recapitulate the process by which 
calpain-mediated proteolysis is associated with 
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models: (D) isoproterenol (ISO, 1 week) minip 


abolished the elevation of nuclear JP2NT in a 
cardiac specific expression of JP2NT. The ove’ 


0.05, **P < 0.01 (t test or Kruskal-Wallis rank 


(F) TAB-induced ventricular pressure overload. 


overexpressing (OE) hearts. The chromatin fraction was derived by treating a chromatin pellet 
with micrococcal nuclease (MNASE), which cleaves DNA and releases chromatin-associated 
proteins (see also Fig. 2C). (D to F) Increased endogenous JP2NT levels in chronic cardiac stress 


ump infusion; (E) myocardial infarction (MI, 1 week); 
Calpain inhibitor MDL-28170 attenuated or 
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rexpression level of JP2NT is in the same order of 
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JP2NT translocation, we adapted an inducible 
split tobacco etch virus protease (STEVp) system 
(Fig. 1G, i) (35). A TEVp substrate recognition 
sequence (TRS) was inserted into an enhanced 
green fluorescent protein-JP2 fusion in the 
primary calpain cleavage site (Arg°®°/Thr°**) 
(eGFP-JP2TRS; Fig. 1G, i). At baseline in hu- 
man embryonic kidney (HEK) 293T cells, eGFP- 
JP2TRS was localized at the cell membrane and 


Guo et al., Science 362, eaan3303 (2018) 


an intracellular network-like structure that is 
likely the endoplasmic reticulum (Fig. 1G, ii). 


sTEVp did not affect eGFP-JP2TRS localization 
(Fig. 1G, iii). In cells expressing sTEVp, rapamy- 
cin treatment rapidly induced nuclear importa- 
tion of eGFP-JP2TRS N terminus (Fig. 1G, v). 
These data show that JP2 C terminus anchors 
the intact JP2 protein at the dyad, and that re- 
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In the absence of rapamycin, cotransfection of 


moval of JP2 C terminus is sufficient to induce 
trafficking of the N-terminal fragment into 
nuclei. 


JP2NT has a NLS and a chromatin/DNA 
binding region 
To investigate the molecular mechanism of JP2NT 


nuclear importation, we performed in silico anal- 
ysis (36). In JP2NT, we found a monopartite 
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nuclear localization signal (NLS) at positions 
488 to 492 (Lys-Arg-Pro-Arg-Pro) and a bipartite 
NLS-like peptide (bNLS) at positions 345 to 359 
(Lys-Arg-Arg-Val-Leu-Pro-Leu-Lys-Ser-Ser-Lys- 
Val-Arg-Gln-Lys), adjacent to an alanine-rich 
region (ARR; Ala?® to Ala*°?) (fig. S3A) that 
shows characteristics of a helix-turn-helix struc- 
ture [GYM 2.0 (37)]. These domains are evolu- 
tionarily conserved among species (fig. $3, B 
and C). Fusion of a short peptide containing this 
monopartite NLS to mCherry resulted in nu- 
clear enrichment of the fusion proteins (fig. 
S3D). Deletion of this sequence (JP2NT*N'S) 
abolished nuclear localization of eGFP-JP2NT 
in HEK293T cells (Fig. 2A, iii and iv) and cardio- 
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myocytes (fig. S8E), indicating that this NLS 
is indispensable for nuclear localization of 
JP2NT. A fusion protein containing mCherry 
and the bNLS peptide together with the ARR 
was imported into nuclei (fig. S3D). However, 
deletion of the bNLS sequence from JP2NT 
(eGFP-JP2NT*™") did not prevent its nuclear 
importation in HEK293T cells (Fig. 2A, v) and 
cardiomyocytes (fig. S3E), indicating that this 
region is not necessary for nuclear importation 
of JP2NT. However, the subnuclear localiza- 
tion of eGFP-JP2 NLS was mutually exclusive 
from To-Pro-3 staining, which labels genomic 
DNA (Fig. 2A, v), suggesting physical dissocia- 
tion of eGFP-JP2NT“>“S from genomic DNA. 
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Fig. 3. JP2NT is a TATA-box binding 
protein enriched at transcription start 
sites and interacts with basic tran- 
scription machinery. (A) Genomic DNA 
binding profile of JP2NT in cardiomyocytes 
as revealed by ChIP-seq. (B) JP2NT is 
preferentially localized around transcrip- 
tion start sites (TSSs), as revealed by two 
replicates of ChIP-seq. (C) Overlap chart of 
DNA binding peaks of indicated proteins. 
(D) JP2NT binds to TATA box DNA sequences 
in vitro. (i and ii) Gel shift assays of purified 
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(WT) (i) or mutant TATA box-containing 
sequences (ii) derived from the cMyc 
promoter. (iii) Summary of the results of 
gel shift assays with various TATA box 
variants or mutants. Mutation of the core 
TATA sequences abolished the interaction 
with GST-JP2NT. (iv) Deletion of the ARR, 
but not the N-terminal MORN domains, 
eliminated JP2NT binding to the TATA box 
sequence. (v) The peptide JP22°405 
containing the ARR specifically binds to 
the consensus TATA box sequence. 
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Deletion of the adjacent ARR from JP2NT 
(eGFP-JP2NT“A®®) induced greater separation 
of eGFP-JP2NT from DNA and was accompa- 
nied by accumulation of DNA at the nuclear 
periphery (Fig. 2A, vi). These data indicate that 
bNLS and ARR are involved in DNA or chro- 
matin binding. 

To further confirm the association of JP2NT 
with chromatin, we applied a biochemical frac- 
tionation procedure (38) (Fig. 2B, i). JP2NT was 
detected in both soluble (S3) and chromatin- 
containing insoluble (P4) nuclear fractions (Fig. 2B, 
ii, a). MNASE-mediated DNA digestion released 
JP2NT from the insoluble chromatin fraction 
(MNASE+/S4) (Fig. 2B, ii, a). Deletion of the eight 
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MORN domains from JP2NT (JP2NT*“O8S) did 
not influence its distribution in the nucleus or its 
association with chromatin (Fig. 2B, ii, b). In 
contrast, deletion of the bNLS-like sequence 
from this construct (JP2NT*MOBNS/42NI5) si onifi- 
cantly reduced the association of JP2NT with 
chromatin (Fig. 2B, ii, c). Deletion of the alanine- 
rich domain in combination with the bNLS 
(JPINTAMORNS/ADNIS/AARR gy JpoNTAPNES/AARR) 
completely prevented presence of JP2NT in 
the MNASE-releasable chromatin fraction (Fig. 
2B, ii, d to f). On the basis of these data, we 
conclude that JP2NT associates with chromatin 
via a domain located at residues ~345 to 402, 
which is highly evolutionarily conserved in mam- 
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malian species as well as in vertebrates such as 
fish and birds (fig. S3C). 


JP2NT is enriched at transcription 
start sites 


To systematically study the genomic targets of 
JP2NT, we generated transgenic mice with cardiac- 
specific overexpression of hemagglutinin (HA)- 
tagged JP2NT. In these mice, JP2NT is predomi- 
nantly localized in the nuclei of cardiomyocytes 
(fig. S4A). The level of JP2NT transgene in nu- 
clear fraction is of the same order of magnitude, 
relative to the peak level of endogenous JP2NT 
induced by TAB (Fig. 1F). Hearts of the JP2NT- 
overexpressing mice (JP2NT-OE) were subjected 
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to chromatin immunoprecipitation sequenc- 
ing (ChIP-seq) analysis using antibody to HA. 
Two replicates of ChIP-seq analyses were per- 
formed using different batches of JP2NT heart 
samples. Only the DNA peaks (P < 10-'°) that 
were detected in both replicates of ChIP-seq 
analyses were considered as JP2NT-binding DNA 
regions. We identified 9414 JP2NT-binding ge- 
nomic DNA regions encompassing 7398 genes. 
The DNA binding profile revealed that JP2NT 
is concentrated in gene-enriched regions, espe- 
cially the promoter and 5’ untranslated regions 
(Fig. 3A). Moreover, JP2NT is preferentially en- 
riched at transcription start sites (Fig. 3B), a 
characteristic of transcription regulators. We 
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independent batches of experiments, three transfection replicates in- 
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compared JP2NT occupancy of genomic loci 
with that of cardiac polymerase II (Pol ID and 
acetylated histone H3 Lys® (H3K9ac, a marker 
for active promoters and enhancers) binding 
peaks from published data (39). We found that 
95% of JP2NT peaks overlap with H3K9ac peaks 
and 78% overlap with Pol II peaks (Fig. 3C; 
example tracks shown in fig. S4B, a). These data 
strongly suggest that JP2NT regulates active 
cardiac transcription. 


JP2NT is a TATA-box binding protein 
and interacts with transcription machinery 


On the basis of these results, we hypothesized 
that JP2NT may directly associate with core cis- 
regulatory elements that regulate transcription 
initiation. Cross-linking reversal coimmuno- 
precipitation experiments in JP2NT transgenic 
cardiomyocytes demonstrated that JP2NT as- 
sociates with RNA Pol II (RPB1) and TATA-box 
binding protein (TBP), both of which are com- 
ponents of the basic transcriptional machinery 
(fig. S5A). TBP specifically binds to TATA boxes, 
eukaryotic core cis-regulatory elements localized 
at transcription start sites. Subsequent in vitro 
analysis with purified recombinant glutathione 
S-transferase (GST)-JP2NT revealed that JP2NT 
directly binds to the TATA box or variants (TATAAA, 
TATAAT, and TATATA) from the cMyc (Fig. 3D, 
i, and fig. S5B) or the CMV promoter (fig. S5C). 
This interaction was abrogated by mutation of 
the TATA-box elements (Fig. 3D, ii, and fig. S5B). 
We conclude that JP2NT is a DNA binding pro- 
tein, binding to the consensus TATA box repre- 
sented as TATAA(A/T) or TATATA (Fig. 3D, iii). 
Deletion of N-terminal MORN domains alone 
from JP2NT (GST-JP2NT*™O8®) did not alter 
the interaction of JP2NT with the TATA-box 
oligonucleotide (Fig. 3D, iv, and fig. S5C). How- 
ever, deletion of the ARR from this construct 
(GST3JPINT MOBNHAARRY completely abrogated 
the association of JP2NT with TATA-box elements 
(Fig. 3D, iv, and fig. S5C). Conversely, a purified 
peptide containing the ARR (GST-JP2°°"*) 
specifically bound to the consensus but not the 
mutant TATA box (Fig. 3D, v, and fig. S5D). 
Together, these data indicate that the ARR is 
responsible for TATA-box binding. 


JP2NT modulates MEF2-mediated 
transcription via competing 
for MEF2 binding sites 


The MEF2 family, master regulators of hyper- 
trophic genes in cardiomyocytes, binds to the A/T 
enriched consensus sequence (C/T TA(A/T)}4TA 
G/A), which shares the same core sequence with 
the TATA box. Thus, we hypothesized that JP2NT 
directly interacts with the MEF2 response ele- 
ment (MRE). Consistent with this hypothesis, 
MEF? binding motifs were significantly enriched 
in the ChIP-seq dataset (Fig. 4A and table S1). Gel 
shift assay demonstrated that purified JP2NT or 
purified DNA binding domain of JP2NT (GST- 
JP23!*) interacts with a MRE from the desmin 
enhancer (Fig. 4B and fig. S6A). The specificity of 
this interaction was further shown by mutant 
MBE oligos (Fig. 4B) and cold competitor assay 
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Fig. 5. JP2NT drives broad-spectrum transcriptional reprogramming in cultured cardiomyo- 
cytes. (A) Heat map of significantly altered genes in cultured adult murine cardiomyocytes 
expressing JP2 or JP2NT by adenovirus (Ad). (B) IPA pathway enrichment analysis of 
significantly altered transcripts induced by JP2NT. (C) RT-qgPCR validation of genes that were 
significantly down-regulated by JP2NT as compared to Ad-Empty control. Note that deletion 
of the ARR (JP2NT™®®) prevented JP2NT-mediated transcriptional repression. Data were 
calculated as the logs fold change relative to cells transfected with Ad-Empty. Each transcript 
was assayed in n = 4 batches of cells. (D) Transcriptional activity assays in which luciferase 
is under the control of the indicated promoters [n = 3 independent batches of HEK293T cells, 
three transfection replications included in each batch; *P < 0.05, **P < 0.01 versus control 
(empty virus or plasmid)]. Under each bar graph are the JP2NT binding tracks at these gene loci 
and location of cloned promoters for luciferase construct, respectively. 
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(fig. S6B). Biotinylated oligo DNA pull-down 
assay confirmed that the JP2NT transgene as 
well as endogenous full-length JP2 from heart 
lysis can interact with MRE (fig. S6C). Coimmu- 
noprecipitation of HEK293T cells transfected 
with Myc-tagged MEF2C and HA-tagged JP2NT 
demonstrated an interaction of the two proteins 
(Fig. 4C). The interaction of endogenous MEF2C 
with JP2NT transgene was confirmed in JP2NT 
transgenic hearts (Fig. 4C). 

To examine whether JP2NT regulates MEF2- 
mediated transcription, we used a luciferase re- 
porter system with firefly cDNA driven by desmin 
enhancer-derived MRE (Pypro-firefly) (40). Co- 
transfection of a plasmid expressing MEF2C 
and Pyrro-firefly in HEK293T cells significantly 
increased the firefly luciferase signal relative to 
constitutive Psy4o-renilla (Fig. 4, D and E). Co- 
transfection of JP2NT attenuated the MEF2- 
responsive signal in a dose-dependent manner 
(Fig. 4D). By contrast, MEF2C-mediated tran- 
scriptional activity was not significantly altered 
in cells expressing a JP2NT construct lacking 
the ARR (JP2NT““8® Fig. 4E), which we found 
to be required for its association with chromatin 
and TATA box sequences. These data suggest that 
JP2NT competes with MEF2 for direct interac- 
tion with its consensus sequence at promoters 
to block MEF2-mediated transcription. 


JP2NT alters DNA binding profiles 
of TBP and MEF2C in cardiomyocytes 


To understand whether JP2NT influences DNA 
occupancy of MEF2 in cardiomyocytes, we 
analyzed the DNA binding profile of MEF2C 
in control and JP2NT-OE myocardium. ChIP-seq 
analyses revealed that JP2NT-OE suppressed 
MEF2C interactions at 42% of the endogenous 
MEF2C binding sites. JP2NT-OE created 2386 
new MEF2C binding peaks that are absent in 
control hearts, and 65% of them overlap with 
JP2NT binding sites. In addition, 33% of the 
MEF2C binding peaks inhibited by JP2NT-OE 
overlap with JP2NT binding sites (Fig. 4F). ChIP- 
seq analyses of TBP revealed that ~25% of the 
endogenous TBP binding sites were suppressed 
by JP2NT-OE, and 22% of them overlap with 
JP2NT binding sites. JP2NT-OE created 2192 
new TBP binding peaks, and 28% of them over- 
lap with JP2NT binding sites (Fig. 4F; example 
tracks shown in fig. S4B, b to e). These data in- 
dicate that JP2NT can affect MEF2C and TBP 
DNA binding, either by competing for the en- 
dogenous binding sites or by recruiting MEF2C 
and TBP to new binding sites. 


Overexpression of JP2NT in cultured 
cardiomyocytes induces profound 
changes in transcriptional profile 


The association of JP2NT with DNA and tran- 
scription machinery led us to investigate whether 
JP2NT directly modulates the transcriptional 
profile in cardiomyocytes. Compared with car- 
diomyocytes infected with empty adenovirus 
(Ad-Empty control), Affymetrix GeneChip analy- 
sis revealed that the expression of 574 and 1996 
known genes were significantly induced or 
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repressed (P < 0.01), respectively, in JP2NT- 
expressing cardiomyocytes (Fig. 5A and fig. 
S7A; see table S2 for complete list of differentially 
expressed genes). Conversely, only 96 signifi- 
cantly induced and 264 significantly repressed 
genes were detected in cardiomyocytes with 
overexpression of full-length JP2 (Fig. 5A and 
fig. S7B). Of the differentially expressed genes 
induced by JP2NT, ~60% mapped to genomic 
loci where JP2NT was found to bind by ChIP-seq; 
this proportion is significantly larger than the 
~46% (P < 10”) of JP2NT binding genes among 
those genes whose expression was detectable in 
cardiomyocytes but was not significantly influ- 
enced by JP2NT. Notably, the regulatory effect 
of JP2NT on gene expression appeared to be de- 
pendent on binding of JP2NT to gene loci: Among 
the differentially expressed genes for which JP2NT 
bound to the genomic loci, the vast majority (84%) 
were down-regulated in the presence of JP2NT 
overexpression; this percentage is decreased to 
67% (P < 10°”) in differentially expressed genes 
not bound by JP2NT. We interpret these findings 
to indicate that JP2NT represses transcription 
by binding to genomic regions, either directly 
through binding to TATA box and MRE or through 
interactions with transcription factors such as 
MEF2C and TBP. 

Many of the JP2NT-down-regulated genes en- 
code nuclear proteins (fig. S7C) and proteins that 
are functionally enriched in nuclear events such 
as transcriptional regulation and chromatin 
modification (fig. S7D). Ingenuity Pathway Anal- 
ysis (IPA; Qiagen) of the differentially expressed 
genes induced by JP2NT identified pathways 
and regulators implicated in cardiac hypertro- 
phy, fibrosis, cell growth, and differentiation as 
well as inflammation. Specifically, ERK/MAPK, 
NF-«B, TGF-B, and integrin signaling pathways 
were predicted to be inhibited in response to 
JP2NT overexpression (Fig. 5B and table S3). 
Confirming these GeneChip findings, reverse 
transcription quantitative polymerase chain re- 
action (RT-qPCR) revealed that mRNA levels of 
genes including those that encode KLF4, KLF6, 
Myc, TGFBR1, NFKBIA, FOXO1, and PI3KR1 were 
significantly decreased in cardiomyocytes express- 
ing JP2NT relative to Ad-Empty infected cells 
(Fig. 5C). Deletion of the DNA binding region 
from JP2NT (JP2NT*>N“S/48R) largely prevented 
the repressive effect of JP2NT (Fig. 5C). No- 
tably, the cardiac hypertrophy markers ANP and 
BNP were not altered by JP2NT expression but 
were significantly increased by JP2NTAPNTS/AA4RR 
(Fig. 5C). 

To further test whether JP2NT regulates tran- 
scription of these genes, we constructed lucifer- 
ase reporters controlled by promoters of Myc, 
KLF6, TGFBR1, and NFKBIA. For all genes, pro- 
moter activity was significantly attenuated by 
coexpression of JP2NT in HEK293T cells (Fig. 
5D). Consistent with the changes in mRNA lev- 
els, expression of JP2NTAN*S/4R8 either had 
no effect on baseline firefly luciferase signal or 
increased promoter activity as compared to 
empty vector control (Fig. 5D), supporting the 
idea that the DNA binding domain of JP2NT is 
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important for its function as a transcriptional 
repressor. 


JP2NT attenuates hypertrophic response 
and heart failure development in mice 


Because JP2NT represses transcription of key 
regulators of hypertrophy, fibrosis, and inflam- 
mation, we predicted that JP2NT would exert a 
protective effect on stress-induced pathologi- 
cal cardiac remodeling. At baseline, JP2NT over- 
expression had no effect on cardiac morphology 
or function (Fig. 6, A to C). The E-C coupling func- 
tion at the single-cell level (e.g., L-type Ca”* channel 
densities, amplitude and kinetics of Ca?* transients, 
SR Ca?* content, and the gain function of E-C 
coupling) was not altered by the JP2NT transgene 
(fig. S8). Under stress conditions induced by TAB 
surgery to produce pressure overload hypertrophy 
and heart failure, JP2NT-OE mice had improved 
cardiac function (Fig. 6A), lower heart weight/body 
weight ratio (Fig. 6B), and reduced lung edema 
indicated by the lung weight/body weight ratio 
(Fig. 6C) relative to controls. These results sug- 
gest that JP2NT-OE protects the heart against 
stress-induced pathological remodeling. 
RNA-seq demonstrated minor differences in 
the cardiac transcription profile of JP2NT-OE 
mice at baseline relative to control littermates 
(fig. SQA), with only 220 significantly altered genes 
(P < 0.01). TAB promoted a marked change in the 
transcriptome of control hearts as compared to 
sham surgery, with 4636 significantly altered tran- 
scripts derived from 3580 genes (fig. S8B). Over- 
expression of JP2NT significantly modified the 
transcriptional response to cardiac stress: We de- 
tected a significant difference in 1082 transcripts 
derived from 954 known genes based on a linear 
regression model (P < 0.01, Fig. 6D). Among these, 
540 transcripts (mapped to 481 known genes) were 
negatively influenced and 542 transcripts (mapped 
to 476 known genes) positively influenced by JP2NT 
overexpression (see table S4), with a predicted in- 
hibition of ERK, TGF-8, CREB, and NF-«B signal- 
ing pathways (Fig. 6E and table S5). These findings 
are in line with observations in cultured cardio- 
myocytes (Fig. 5B) and substantiate a pivotal role 
for JP2NT in the cardiac response to stress by 
inhibiting transcriptional reprogramming. 


Loss of function of nuclear JP2NT 
exacerbates cardiac dysfunction in 
response to stress 


To investigate the function of endogenous JP2NT, 
we developed a knock-in (KI) mouse line with 
NLS deleted in the JP2 coding sequence (JP2“%"*- 
KI) (fig. SIOA). NLS deletion abolished the nu- 
clear accumulation of JP2NT after cardiac stress 
(fig. S1OB). The homozygous JP2*“'S-KI mice show 
no difference in cardiac morphology, contract- 
ile function, and cellular E-C coupling / Ca?* 
handling function compared to wild-type litter- 
mates under baseline condition (Fig. 6, F to I, 
and fig. S10, C to E). However, when subjected 
to TAB, JP2“%"S_KI mice developed more se- 
vere cardiac hypertrophy and worsened heart 
function relative to wild-type littermates. Three 
weeks after TAB, echocardiography detected 
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larger myocardium mass (Fig. 6F), higher end 
diastolic volume (EDV) (Fig. 6H) and end systolic 
volume (ESV) (Fig. 61), and lower ejection frac- 
tion (Fig. 6G) in JP2““"S-KI mice than in wild-type 
littermates. These findings suggest that JP2NT 
functions as an endogenous cardiac protector 
against pathological challenges. 


Discussion 


Our study provides compelling evidence suggest- 
ing that an E-C coupling structural protein can 
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also act as a transcriptional regulator. We have 
shown that regulated cleavage of JP2 converts it 
from a structural protein to a nuclear transcrip- 
tional regulator via an NLS and an ARR con- 
tained within JP2NT. JP2NT is enriched in the 
promoter region of genes in cardiomyocytes and 
primarily acts as a transcriptional repressor of 
genes implicated in cell growth and differentia- 
tion, hypertrophy, inflammation, and fibrosis, 
with evidence for a specific interaction with 
the transcription factor MEF2. Cardiac-specific 
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transgenic overexpression of JP2NT attenuates 
pressure overload induced development of heart 
failure, identifying JP2NT generation as a self- 
protective homeostatic mechanism that safe- 
guards against the deleterious effects of cardiac 
stress. These discoveries reveal a signaling path- 
way that transduces membrane stresses into 
transcriptome changes in the setting of E-C un- 
coupling after cardiac stress. 

JP2 was initially discovered as a structural 
protein with dual membrane-anchoring domains 
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Fig. 6. JP2NT overexpression protects against pressure overload- 
induced hypertrophy and heart failure. (A) Cardiac specific over- 
expression of JP2NT (JP2NT-OE) preserved cardiac ejection fraction (EF) 
in mice 3 weeks after transverse aortic banding (TAB). (B) JP2NT 
overexpression attenuated TAB-induced cardiac hypertrophy as evidenced 
by a decreased heart weight/body weight (HW/BW) ratio. (©) Lung 
weight/body weight (LW/BW) ratio is significantly reduced in JP2NT-OE 
mice after TAB; n = 5, 5, 22, 13 for each group respectively. (D) Volcano 
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plot of the effect of JP2NT overexpression on TAB-induced transcriptional 
remodeling. JP2NT-OE significantly changed the transcriptional response 
to TAB. Red dots indicate the transcripts whose response to TAB was 
significantly changed by JP2NT-OE. (E) IPA pathway enrichment analysis 
of significantly altered transcripts in JP2NT-OE mice after TAB as 
compared to littermate controls. (F to 1) Echocardiogram measurement of 
h 

J 


eart mass (F), ejection fraction (G), EDV (H), and ESV (1) in WT and 
P24NLS_K] mice under baseline or TAB condition. 
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that connect T-tubules and the SR membrane (8). 
Here, we discovered that JP2 contains additional 
regulatory domains that extend beyond its role as 
a structural protein. An NLS in the N-terminal 
region of JP2 is necessary for nuclear import of 
the calpain-generated JP2NT truncate. Thus, 
under stress conditions, calpain-mediated cleav- 
age of JP2 serves two purposes: (i) It impairs the 
bridging of T-tubules with the SR membrane 
[contributing to cardiomyocyte ultrastructural 
remodeling and E-C uncoupling (23)], and (ii) it 
liberates JP2NT, allowing JP2NT to translocate 
to the nucleus and mediate transcriptional re- 
programming. In addition, we found that the 
a-helix region of JP2 contains a previously un- 
appreciated DNA binding domain that medi- 
ates selective binding to canonical TATA box 
motifs and MRE. This DNA binding domain is 
evolutionarily conserved, suggestive of a dual 
function for JP2 as a structural protein and tran- 
scriptional regulator in other species. 


The development and progression of heart 


failure involves diverse cellular and molecular 
mechanisms (4/7, 42). Our ChIP-seq and tran- 
scriptomic profiling data suggest that JP2NT 
suppresses gene transcription by targeting multi- 
ple signaling pathways such as inflammatory re- 
sponses, fibrosis, myocyte hypotrophy, and cell 
death among others. Taken with the protective 
effect of JP2NT overexpression in the setting of 
cardiac stress, this study indicates that JP2NT is 
an endogenous self-protective stress transducer 
that conveys the E-C uncoupling signal to the nu- 
cleus, regulates transcriptional reprogramming, 
and ultimately attenuates the progression of heart 
failure. As JP2 is abundant in all muscle cells 
(cardiac, skeletal, and smooth muscle), JP2NT 
may serve as a general protective mechanism 
antagonizing stress-induced pathological remod- 
eling related to many diseases. 
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onto promoter DNA 
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Jie Fang, Yutong Liu, Jeff Ranish, Steve Hahn, Eva Nogalest 


INTRODUCTION: In eukaryotes, transcrip- 
tion initiation starts with the assembly of the 
transcription preinitiation complex (PIC) onto 
promoter DNA. The PIC comprises the general 
transcription factors and RNA polymerase II 
(Pol II). The general transcription factor IID 
(TFIID) is responsible for initially recognizing 
the core promoter. Human TFIID is a trilobed 
dobes A, B, and C) complex composed of TATA 
box binding-protein (TBP) and 13 evolution- 
arily conserved TBP-associated factors (TAF1 
to TAF13), with six TAFs present in two copies. 
Together, TBP and the TAF subunits of TFIID 
directly interact with promoter DNA with the 
assistance of TFIIA, forming a platform for the 
assembly of the rest of the PIC. 


RATIONALE: A key challenge in understand- 
ing the molecular basis behind TFIID’s rec- 


Canonical 


ognition of promoter DNA is the lack of a 
complete structural depiction of the complex. 
We used cryo-electron microscopy (cryo-EM) 
to describe the various biochemical and/or 
conformational states of the complex, thus 
providing information on both the structure 
and dynamics of TFIID and its interaction with 
promoter DNA. 


RESULTS: We report the cryo-EM structure of 
TFIID with a resolution of 4.3 A for lobe C, 4.5 A 
for lobe B, and 9.8 A for lobe A. Together with 
chemical cross-linking mass spectrometry and 
structure prediction, we generated a complete 
structural model of the evolutionarily conserved 
core of TFIID. TFIID is built on a dimeric scaf- 
fold of TAFs, containing at its center a TAF6 
dimer in lobe C that connects to lobes A and 
B. Lobes A and B are both organized around 


Promoter binding 
$3 landscape of TFIID 


state 


TAF4, -5, -6, -9, -10, and -12 but include addi- 
tional subunits that result in distinct function 
(see the figure). Lobe A, which contains TAFT1 
and TAF13 interacting with TBP, keeps TBP 
inhibited unless TFIID is promoter bound, at 
which point it loads TBP onto DNA. Lobe B con- 
tains TAF8, which extends to hold lobes B and 
C together rigidly. Lobe B positions TAF4 in 
place to stabilize upstream DNA binding and 
recruits TFIIA. Lobe C, in addition to TAF6 

and TAF8, contains TAF, 


-2, and -7, which bind the 


Read the full article | downstream core promoter 
at http://dx.doi. sequences. 

org/10.1126/ Using computational 
science.aau8872 sorting of cryo-EM images, 


we characterized the con- 
formational landscape of apo-TFIID and TFIID 
in the presence of TFIJA and promoter DNA. 
Two major states for apo-TFIID (termed the 
canonical and extended states) were observed, 
and three additional states (termed the scan- 
ning, rearranged, and engaged states) were 
observed in the presence of TFIIA and core 
promoter DNA. Lobe A, which migrates 150 A 
from its position near lobe C in the canonical 
state to near lobe B in the extended state, car- 
ries TBP in a repressed state that is only released 
in the context of promoter binding. Identifica- 
tion of distinct TFIID states allowed us to gen- 
erate a mechanistic model for TFIID promoter 
binding (see the figure). We propose that TFIID 
first binds the downstream core promoter ele- 
ments through TAFI and TAF2. This binding 
and the flexible attachment of lobe A help 
position the upstream DNA in proximity to 
TBP. TBP then scans for a TATA box or its 
sequence variants. Engagement of upstream 
core promoter sequences by TBP is facilitated 
by TFIIA interacting with TAF4 and TAF12 
within lobe B. When TBP finally binds the pro- 
moter, it releases from lobe A, opening the bind- 
ing site for TFIIB, which can then recruit Pol II. 
The structure of TFIID also allowed us to 
deduce the position of various regulatory do- 
mains of TFIID involved in contacts with tran- 
scriptional activators and active chromatin 
marks that are responsible for recruiting and 
modulating TFIID function. 


CONCLUSION: Our studies lead to a mecha- 
nistic model of how TFIID prevents TBP from 
nonspecifically engaging with DNA outside of 
gene promoters, thus preventing aberrant PIC 


Engaged assembly and erroneous transcription initia- 
Structural organization by biruian tied sane tion. Our model also suggests how TFIID loads 
TAF6 and TAF8 by TAF and TAF] TBP onto TATA-less promoters and how acti- 


vators and chromatin marks may direct TFIID 


Structure of human TFIID. The structure of apo-TFIID is shown in the canonical state and that | recruitment and PIC assembly. | 


of promoter-bound TFIID is depicted in the engaged state. Lobes A and B in TFIID share a 
similar architecture that contains histone-fold domains organized in a manner that resembles a 
histone octamer. The TAF6 subunit of TFIID dimerizes the core set of TAFs. The TAF8 subunit 
rigidly tethers together lobes B and C. Five states of TFIID were observed in the process of 
promoter binding, leading to a mechanistic model of TBP loading onto the promoter DNA. 
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Avinash B. Patel”?*, Robert K. Louder’*}, Basil J. Greber”’*, Sebastian Griinberg*t, 
Jie Luo’, Jie Fang®, Yutong Liu’, Jeff Ranish®, Steve Hahn*, Eva Nogales’”’®*§ 


The general transcription factor IID (TFIID) is a critical component of the eukaryotic 
transcription preinitiation complex (PIC) and is responsible for recognizing the core 
promoter DNA and initiating PIC assembly. We used cryo-electron microscopy, chemical 
cross-linking mass spectrometry, and biochemical reconstitution to determine the 
complete molecular architecture of TFIID and define the conformational landscape of TFIID 
in the process of TATA box—binding protein (TBP) loading onto promoter DNA. Our 
structural analysis revealed five structural states of TFIID in the presence of TFIIA and 
promoter DNA, showing that the initial binding of TFIID to the downstream promoter 
positions the upstream DNA and facilitates scanning of TBP for a TATA box and the 
subsequent engagement of the promoter. Our findings provide a mechanistic model for the 
specific loading of TBP by TFIID onto the promoter. 


he regulation of transcription initiation is 

arguably the primary method by which 

the expression of genes is controlled. The 

transcription preinitiation complex (PIC) 

is responsible for the loading of RNA poly- 
merase II (Pol IT) onto DNA (J, 2). The assembly 
of the PIC begins with the recognition of the core 
promoter by transcription factor IID (TFIID), 
aided by TFIIA (3). The TATA box-binding pro- 
tein (TBP), a component of TFIID, recruits TFIIB, 
which then loads the Pol II-TFIIF complex (4). 
Lastly, the addition of TFIIE and TFIIH facili- 
tates the opening of the transcription bubble (5). 
Whereas the stepwise assembly of a TBP-based 
PIC has been well characterized structurally (6), 
the process by which TFIID loads TBP onto the 
promoter is not well understood. 

TFIID is a ~1.3-MDa complex that contains, in 
addition to TBP, 13 TBP-associating factors (TAFs), 
with six of them (TAF4, -5, -6, -9, -10, -12) present 
in two copies (7-9) (fig. S1). At low resolution, 
human TFIID is composed of three lobes (lobes 
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A, B, and C), with a fairly rigid connection be- 
tween lobes B and C and with lobe A more 
flexibly attached to this “BC core” (J0). In pre- 
vious work we showed that in a promoter-bound 
complex (IIDAS, which we will refer to here as 
IIDA-SCP) containing TFIID, TFIIA, and the su- 
per core promoter (SCP) (71), the promoter ele- 
ments downstream of the transcription start 
site (TSS) are recognized by TAF1 and TAF2 in 
lobe C, whereas TBP binds the TATA box up- 
stream of the TSS with the aid of TFIIA and 
lobe B (72). 

Here we present cryo-electron microscopy 
(cryo-EM) structures of human TFIID, alone and 
in various stages of promoter binding. Together 
with chemical cross-linking-mass spectrome- 
try (CX-MS) data and biochemical reconstitu- 
tion, we were able to determine the complete 
structure of TFIID and the functional confor- 
mational landscape of the complex. Our studies 
lead to a mechanistic model of TBP loading onto 
the promoter by TFIID and TFIIA and provide 
insights into how TFIID may engage chromatin, 
respond to transcriptional activators, and serve 
as a scaffold for PIC assembly. 


Overall structure of TFIID 


The flexible nature of TFIID has long hampered 
a high-resolution structural description of the 
intact complex (J0). In previous work, we showed 
how the distribution of positions of the flexibly 
attached lobe A shifts upon binding of promoter 
DNA and TFIIA (J0). Lobe A in apo-TFIID exists 
in a bimodal but continuous distribution of 
states, with roughly equal occupancy of two dis- 
tinct, major states referred to as the canonical 
and extended states. Whereas in the canonical 
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state lobe A is near lobe C, in the extended state 
lobe A is between lobes B and C (Fig. 1A). The 
displacement of lobe A between these two states 
is ~100 A. By sorting a large cryo-EM dataset of 
free TFIID into two predominant states, refining 
them independently, and then combining the 
refined regions, we were able to extend the re- 
solution of the BC core to 4.5 A (range of 4.2 to 
6.5 A) and to generate a three-dimensional (3D) 
reconstruction of lobe A at 9.5 A (range of 8.5 to 
15 A) (Fig. 1B and figs. S2 and $3). We then used 
a combination of cryo-EM, CX-MS, and structure 
prediction to generate a complete model of the 
complex. 

Compared with that of the IIDA-SCP structure 
(12), the density corresponding to the TAF1-TAF7 
subcomplex within lobe C in apo-TFIID is poorly 
defined, indicating that this module is flexible 
in the unbound TFHD, but stabilized upon bind- 
ing to promoter DNA (figs. S4 and S5). For the 
rest of lobe C, it was possible to dock into the 
density the model of the TAF6 HEAT repeat 
dimer, a segment from the C-terminal region of 
TAF8, and the TAF2 aminopeptidase-like do- 
main (APD) from the previous IIDA-SCP struc- 
ture (72), with adjustments and extensions made 
to fit the observed density (Fig. 1, C to E, and 
fig. S5). 

Within lobe B, we were able to fit a homol- 
ogy model of the WD40 domain of TAF5, the 
crystal structures of the TAF5 NTD2 domain 
and the histone-fold domain (HFD) heterodimers 
of TAF6-TAF9, TAF4-TAF12, and TAF8-TAF10, 
as well as to extend the models where additional 
densities were present in the cryo-EM map (Fig. 1, 
Cand D, and fig. S5). The resulting atomic model 
for lobe B is consistent with our CX-MS data (fig. 
S6) and in agreement with previous biochemical 
studies (8, 13). To further validate our model, 
we heterologously coexpressed exclusively those 
segments of TAFs that we could directly model 
into the lobe B cryo-EM density, which comprised 
only 35% of the residues present in the full-length 
versions of the subunits (fig. $7). Three succes- 
sive pulldowns using different affinity tags placed 
on TAF5, TAF4, and TAF8, followed by size ex- 
clusion chromatography, resulted in a pure, solu- 
ble complex containing stoichiometric amounts 
of all seven TAF fragments, supporting the for- 
mation of a stable complex from the components 
predicted by our structural model. 

All of the TAFs in lobe B, except for TAF8, have 
been proposed to exist in two copies within TFIID 
(8, 14), suggesting that a similar architecture 
could exist within the flexible lobe A. We used a 
computational strategy based on automated dock- 
ing of different combinations of TFIID subunits 
into the lobe A cryo-EM density to generate a 
complete model of lobe A (fig. $5). The core of 
the structure is equivalent to lobe B, except for 
the replacement of TAF8 with TAF3 as the 
histone-fold partner of TAF10. Additionally, 
lobe A includes the TAF11-TAF13 HFD pair and 
TBP (Fig. 1, C and E). Our placement of TAFI1- 
TAF13 adjacent to the TBP subunit is supported 
by the presence of chemical cross-links between 
TAFI11 and TBP (fig. S6), as well as in vivo and 
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Movie 1. Structural models for the canonical 
and engaged states of human TFIID. The 
models are shown within the cryo-EM maps of the 
two estates aligned on the BC core (different 
regions of the maps were refined to different res- 
olutions due to their different degrees of flexibil- 
ity). Lobe A is shown only in the canonical state. 


in vitro studies showing that the HFDs of 
TAF11-TAF13 constitute the bridge between 
TBP and the rest of TFIID (15). Altogether, our 
structure defines the full architecture of hu- 
man TFIID, revealing the complete evolution- 
arily conserved regions of all TAFs and TBP (fig. 
S1 and Movie 1). 


TFIID assembly around a dimeric 
subcomplex of TAFs 


Our structure of human TFIID shows that the 
complex assembles around a dimeric yet asym- 
metric arrangement of TAFs (fig. S6). Two copies 
of interacting TAF6 HEAT repeat domains are 
found at the center of the BC core, where they 
form a dimer with a 3, screw axis symmetry that 
bridges lobes B and C (Fig. 2A). The N-terminal 
HFDs of each copy of TAF6 are then separated 
between lobes A and B, and thus, TAF6, through 
the flexible connection between its HFD and 
HEAT repeat domain, tethers the entire complex 
together. This TAF6 connection is maintained 
throughout the various conformational states of 
TFIID (Fig. 2A). The HFD of TAF6 forms a het- 
erodimer with the HFD of TAF9, which interacts 
with the WD40 and NTD2 regions of TAF5. The 
TAF6-TAF9 HFD pair then forms a tetramer 
with the TAF4-TAF12 HFD pair, and together 
these five subunits (TAF5, -6, -9, -4, -12) define 
the TAF subcomplex that is present in two copies 
within TFIID (Fig. 2B and figs. S7 and S8), one 
each in lobes A and B. The existence of a dimeric 
TAF-containing subcomplex has been previously 
proposed on the basis of in vivo knockdown and 
in vitro biochemical studies (8, 16). However, the 
structure within the native TFIID complex does 
not exhibit the symmetry previously proposed for 
a reconstituted subcomplex containing the same 
subunits, likely due to the presence of additional 
symmetry-breaking TAFs in the fully formed, 
native complex (8) (fig. S7). 

The two sets of TAFs (-4, -5, -6, -9, -12) shared 
between lobes A and B act as a base for the 
assembly of the rest of each lobe. In lobe B, a 
hexamer of HFDs is formed by the TAF8-TAF10, 
TAF6-TAF9, and TAF4-TAF12 HFD pairs. In lobe 
A, the TAF3-TAF10 and TAF11-TAF13 HFD pairs 
form an octamer-like structure with the TAF6- 
TAF9 and TAF4-TAF12 HFD pairs (Fig. 2B and 
Movie 1). Though the presence of higher-order 
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Fig. 1. Cryo-EM structure of TFIID. (A) Cryo-EM reconstructions of TFIID, with the BC core in blue 
and lobe A in yellow (canonical state) and green (extended state). (B) Transparent cryo-EM map 
of TFIID in the canonical state with fitted cryo-EM maps from focused refinements of the BC core 
and lobe A in solid blue and yellow, respectively. (C to E) TFIID structural model in front (C), top 


(D), and side views (E). See also Movie 1. 


histone-fold assemblies had been predicted to 
exist within TFIID, such a structure had not been 
visualized until now (fig. S8). It has been pro- 
posed that these nucleosome corelike structures 
may be involved in interaction with DNA and 
promoter binding (6-20). However, the surfaces 
of lobes A and B lack the large positively charged 
patches observed in the nucleosomal histone 
octamer (fig. S8). The TAF6-TAF9 HFD pair that 
was proposed to interact with the downstream 
DNA (20, 21) is actually located far from the DNA 
in the IIDA-SCP complex (fig. S8). We instead 
propose that HFDs serve as a structural scaffold 
within TFIID. 

The difference in the flexibility of lobes A and 
B is likely due to the presence of TAF8 in lobe B, 
which stabilizes its connection with lobe C (Fig. 
2C). In our model, the highly conserved mid- 
dle region of TAF8 (residues 130 to 235) snakes 
through the BC core, interacting extensively with 
TAF2 and TAF6. Extending from its N-terminal 
HED, the TAF6 interacting domain (6iD) of TAF8 
forms a bridge between the WD40 of TAF5 in lobe 
B and the first of the HEAT repeats of TAF6 (Fig. 
2D). The long helix of the TAF2-interacting do- 
main (2iD) of TAF8 then bridges the second TAF6 
HEAT repeat and TAF2, and then TAF8 folds 
onto the surface of the TAF2 APD, effectively an- 
choring TAF2 to the rest of the complex. This net- 
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work of interactions among TAF8, TAF6, and 
TAF2 (Fig. 2E) is consistent with previous bio- 
chemical studies (8, 13). 


Role of lobe B in the stabilization 
of upstream DNA binding 


Our structural studies indicate that the function 
of lobe B is to stabilize the upstream DNA and 
bind TFIIA. Both of these functions involve the 
highly conserved C terminus of TAF4 (Fig. 3A). 
The HFD of TAF4, comprising helices o1 and a2, 
is followed by a large loop and a helix (a3) that 
interacts with the WD40 of TAF5 (Fig. 3B). Dock- 
ing of the lobe B structure into the IIDA-SCP 
map reveals that the highly conserved loop be- 
tween o3 and a fourth helix in TAF4 (a4) con- 
tacts the promoter DNA just downstream of the 
TATA box (Fig. 3, C and D, and fig. $4). This loop 
has previously been shown to bind DNA in vitro 
(20), and in TAF4~ human fibroblast cells, sta- 
ble expression of a TAF4 mutant lacking this 
loop results in the down-regulation of a subset 
of genes (22). From there, a4 continues toward 
the TBP-TFIIA density and is likely involved in 
TFIIA recruitment and the stabilization of the 
TFIA-TBP-DNA module, in agreement with pre- 
vious data (23) (Fig. 3D). The docking of lobe B 
into the IIDA-SCP map also revealed that the 
four-helix bundle of TFIIA likely contacts the 
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Fig. 2. Structural organization of human TFIID. (A) Domain organization of TAF6, with sequence 
conservation colored according to ConSurf (69) scores (top). Model of TFIID with the TAF6 dimer 
highlighted (bottom). The dimer of TAF6 HEAT repeats is centrally located within the complex. Dashed 
lines are shown connecting the TAF6 HEAT domains with their corresponding HFDs in lobes A and B. 
(B) Model of TFIID (center) and close-up views of lobe B (left) and lobe A (right). (C) Domain organization 
of TAF8, with sequence conservation colored according to ConSurf (69) scores (top). NLS, nuclear 
localization sequence. Model of the BC core of TFIID with TAF8 highlighted (bottom). (D) The 6iD 

(TAF6 interacting domain) of TAF8 bridges the WD40 domain of TAF5 in lobe B and the HEAT repeat 

of TAF6 in lobe C. (E) The 2iD (TAF2 interacting domain) of TAF8 bridges the HEAT repeat of TAF6 
and the APD of TAF2 within lobe C. See also Movie 1. 
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Fig. 3. Upstream promoter binding stabilized by lobe B. (A) Domain organization and sequence 
conservation of TAF4 according to ConSurf (69) scores. The first level shows the domain organization of 
TAF4. The second level zooms in on the C terminus and shows the secondary structure [solid outline 
corresponds to observed secondary structure and dashed outline to the predicted secondary structure 
based on PSIPRED (70) results (a4 is not visible in the apo-TFIID structure but becomes ordered upon 
interaction with the DNA)]. The third level shows the amino acid sequence of the loop between helices 3 and 
4, which contain several conserved, positively charged residues that could be contacting the DNA. Single- 
letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; 
H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P. Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val: W, Trp; and Y, Tyr. 

(B) Structure of lobe B. (©) Model of TFIID docked into the IIDAS reconstruction. (D) Close-up view of part of (C), 
highlighting the loop between helices 3 and 4 as it contacts the DNA (circled in red), helix 4 continuing on 
toward the TFIIA and TBP (circled in green), and the interaction between the TFIIA and TAF12 (circled in blue). 
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first helix-turn-helix motif of the TAF12 HFD 
(Fig. 3D). Thus, we propose that TAF4 and TAF12 
within lobe B act to promote the binding of TBP 
to the upstream DNA by directly contacting both 
the DNA and the TFIJA-TBP module. Therefore, 
the BC core of TFIID appears to act as a molec- 
ular ruler, placing TBP at a defined distance from 
the downstream promoter elements. This role 
suggests that maintaining a fairly rigid connec- 
tion between lobes B and C is important for cor- 
rectly positioning TBP with respect to the TSS, 
which in human core promoters are separated by 
~30 base pairs (bp) (24, 25) (fig. S8). 

Our structure suggests a potential overlap be- 
tween the contacts that TAF4 makes with the 
upstream promoter DNA in the IIDA-SCP com- 
plex and those established by the TFIIF winged- 
helix domain within the PIC (6, 26) (fig. S9). 
Additionally, the downstream promoter binding 
regions of TAF1 and TAF2 were also found to 
clash with Pol IT in the closed PIC complex, and 
the path of the downstream promoter in the 
closed PIC is bent compared with the more 
linear path observed in the IIDA-SCP complex 
(12) (fig. S9). Thus, significant structural rear- 
rangements in TFIID must occur during PIC 
assembly and transcription initiation, opening 
the question of whether TFIID can remain pro- 
moter bound throughout the transcription initi- 
ation cycle. 


Role of lobe A movement in TBP loading 


To gain insight into potential intermediate states 
in the process of TFIID binding to promoter 
DNA, we carried out cryo-EM analysis of a sam- 
ple containing TFIID, TFTA, and SCP DNA that 
was a mixture of DNA-bound and unbound com- 
plexes. Extensive 3D sorting revealed the pres- 
ence of five different states of TFIID that we 
propose correspond to different stages in its 
engagement with the promoter (Fig. 4, fig. S10, 
and Movie 2). We observed the same canonical 
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Movie 2. Functional states of TFIID during 
binding to core promoter DNA and TFIIA. 
Cryo-EM maps were obtained for apo-TFIID 
(canonical and extended); for purified mutant- 
SCP-bound TFIID-TFIIA (rearranged); for puri- 
fied SCP-bound TFIID-TFIIA (engaged); and 
from a mixture of TFIID, TFIIA, and DNA (all 
states). Atomic models were fit into the cryo-EM 
structures of the canonical, extended, rear- 
ranged, and engaged state and then used to 
generate a model of how TFIID transitions 
structurally through the process of core 
promoter binding. 
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and extended states that we saw in the free 
TFIID sample (Figs. 1A and 4, A and B), as well 
as the “engaged” state we previously described 
for the promoter-purified IIDA-SCP complex (72) 
(Fig. 3C and 4E). Additionally, we identified a 
state in which lobe A is rotated toward lobe B, 
and TBP appears to occupy a conformation 
that would permit it to scan the DNA. We refer 
to this state, which includes only TFIID and DNA 
(no TFIIA), as the scanning state (Fig. 4C). The 
last state, called the rearranged state [described 
at low resolution in one of our previous studies 
(10)], resembles the scanning state, but with 
the presence of TFIIA constraining the mo- 
tion of lobe A and TBP within it. In both the 
scanning and rearranged states, the downstream 
DNA is stably bound to TFIID, whereas the up- 
stream region remains flexible, as indicated by 
the poor density observed for the upstream DNA 
(Fig. 4D). 

By combining the mapping of TBP positions 
through the various states of promoter binding 
with previous biochemical and structural studies, 
we are able to propose a model of how TBP with- 
in TFIID would transition from being inhibited 
to being DNA engaged. We propose that in the 
canonical and extended states, TBP is bound by 
the TAND of TAF! and by TAF11-TAF13 within 
lobe A, both of which have been found to inhibit 
TBP from binding DNA (15, 27) (Fig. 4, A and B). 
The N terminus of the TAF1 TAND (TANDI) in- 
teracts with the DNA-binding cleft of TBP, whereas 
TAND2 binds the outer surface of TBP where a 
number of different TBP-interacting factors are 
known to interact, including TFIIA (28) (Fig. 4, A 
and B). In the scanning state, we propose that 
DNA displaces TAND1 and interacts with the 
cleft of TBP, but that the DNA remains in a linear, 
unbent form (Fig. 4C), owing to a lack of de- 
fined DNA-TBP interaction, in contrast with 
what is seen for the bent DNA-TBP interaction 
(Fig. 4E). In the rearranged state, TFITA would 
displace TAND2, releasing the connection be- 
tween TAF! and TBP and stabilizing the connec- 
tion between lobes A and B (26, 28-30) (Fig. 4D). 
Finally, in the engaged state, TBP forms a sta- 
ble complex with bent DNA, which causes the 
connection between TBP and TAF11 to break 
and TBP to release from lobe A (Fig. 4E). This 
last step of lobe A release is essential for recruit- 
ment of TFIIB and for the assembly of the PIC, as 
it opens up the surface on TBP for TFIIB binding 
(3D) (Fig. 4F). 

Though TBP binds the TATA box sequence 
with the highest affinity of any DNA sequence, it 
has been observed to be a relatively indiscrimi- 
nate DNA binder (32, 33). The mechanisms of 
TBP inhibition within lobe A effectively represent 
an important role of TFIID as a TBP chaperone, 
stopping TBP from nonspecifically engaging with 
DNA outside of gene promoters, and therefore 
preventing aberrant PIC assembly and erroneous 
transcription initiation (33). We propose that, 
at the same time, the architecture and dynamics 
of TFIID facilitate the proper loading of TBP at 
core promoters by progressively releasing those 
inhibitory interactions with TAFs, and, as ex- 
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Fig. 4. Regulation of TBP DNA-binding activity by lobe A. Reconstructions of TFIID from the 
mixed dataset (which includes SCP and TFIIA), showing TFIID in the canonical (A), extended 

(B), scanning (C), rearranged (D), and engaged (E) states. (F) Human PIC cryo-EM map (EMD-2304) 
containing Pol II, TFIIA, TFIIB, TBP, and promoter DNA (6). Models for TBP (PIC: PDB 5IYA) and its 
interacting partners are shown below each corresponding reconstruction. See also Movie 2. 


Fig. 5. Mechanism of TBP 

loading by TFIID. (A) Cryo-EM 
reconstructions of the canonical, 
extended, rearranged, and engaged 
states of TFIID superimposed 

onto the BC core to show the range 
of motion of lobe A and TBP. The 
TAF1-TAF7 module is positioned 
according to the engaged state 
reconstruction, and the DNA models 
for both the engaged and rearranged 
states are shown. (B) Cartoon 
schematic for the process of TBP 
loading onto promoter DNA by TFIID, 
with subsequent PIC recruitment, 
assembly, and progression to the elon- 
gation complex. See also Movie 2. 


Early PIC 


plained below, strategically positioning TBP 
onto the upstream DNA. 


Proposed mechanism of TBP loading 
by TFIID and consequent PIC recruitment 


Superposition of the five conformational states of 
TFIID—canonical, extended, scanning, rearranged, 
and engaged—illustrates the range of motion TBP 
experiences with respect to the BC core during the 
steps leading to full promoter engagement (Fig. 5A 
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TFIID 


Cornplete PIC 


and Movie 2). The distance that TBP travels be- 
tween these states is approximately 130, 40, 30, 
and 50 A, respectively, and follows a curved path 
that directs TBP toward the upstream DNA. Taken 
together, these structures suggest a stepwise mech- 
anism of TBP loading onto the promoter and the 
consequent recruitment of the rest of the PIC. In 
the first step, TAFI-TAF7 and TAF2 in lobe C bind 
to downstream DNA. This initial DNA binding 
facilitates the positioning of the TATA box where 
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it can be reached by TBP as it travels with the mo- 
bile lobe A, thus helping the upstream DNA out- 
compete the inhibitory TAND1 from the cleft of 
TBP. In the second step, TFIIA displaces TAND2 
from TBP and likely stabilizes the upstream DNA 
through its interaction with lobe B. In this way, 
the rearranged state constrains the position of 
lobe A and facilitates TBP binding to the up- 
stream DNA. In the third step, TBP fully engages 
the promoter DNA, bending it and simultaneous- 
ly causing a steric clash between the DNA and 
TAFI1 that results in the release of TBP from the 
rest of lobe A (Fig. 5B and Movie 2). 

In the fourth step, TFIIB recognizes the fully 
engaged TBP-DNA complex and recruits with it 
Pol II-TFIF. At this stage, the binding of the TFIIF 
winged-helix domain in Rap40 and Pol II would 
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displace the TAF4 contact with upstream DNA and 
the interactions of lobe C with downstream core 
promoter sequences, respectively. This process 
could potentially result in the TAFs falling off of 
the PIC, unless the interaction between TFIIA 
and TAF4 was sufficient to keep TFIID bound or 
new contacts were to form between TFIID and 
the PIC at this stage of the assembly. Although a 
number of interactions have been reported be- 
tween TFIID and other general transcription fac- 
tors in vitro (34-37), it has been shown that upon 
the addition of Pol IJ-TFIIB-TFIIF, TFIID remains 
associated with the promoter only in the pres- 
ence of activators (38, 39). In this potential scenario, 
TFIID may not remain as part of the growing PIC 
but could instead bind another TBP to enable for- 
mation of a new active complex once the previous 
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Fig. 6. Model of TFIID recruitment. (A) Model of TFIID bound to the promoter including a +1 


nucleosome. The model is compatible with the binding of flexible histone tails of H3 and H4 to the 
PHD [PDB ID 2K17 (47)] of TAF3 and the bromodomain of BRD2 [PDB ID 2DVR (49)], a homolog of 
the DBD of TAF1, respectively. Dashed lines indicate the connections between domains contained in 
the models of TFIID or the nucleosome, with the flexible domains that bridge the two. Domain 
architecture maps of TAF1 and TAF3 showing the distance between the structured domains modeled 
within TFIID and the domains that contact chromatin. A cartoon model of TFIID binding to the 

+1 nucleosome is shown to the right. (B) Model of TFIID bound to the core promoter with bound 
activators at the upstream proximal promoter region. Activators are contacting the N terminus 

of TAF4 that contains activator interacting regions, like the glutamine-rich and TAFH domains. Domain 
maps of the highlighted TAFs illustrate the distance between the domains that were part of the TFIID 
model (solid) and those domains that were not observed (transparent). Distances between the 
conserved C terminus and the domains that contact activators (TAFH and glutamine-rich) are shown 
below the domain map. A cartoon model of TFIID binding to activators is shown on the right. 
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complex clears the promoter (Fig. 5B). Additional 
experiments will be required to test this model 
and determine the precise role of TFIID in PIC 
assembly after TBP loading. 

Approximately 80% of eukaryotic promoters 
lack a canonical TATA box, yet loading of TBP 
is essential to initiate transcription for all pro- 
tein genes (40). The mechanism of TBP loading 
by TFIID provides a way to promote TBP load- 
ing in the absence of a canonical TATA box and 
expands the potential for regulation through 
variation in the core promoter sequence. To 
structurally explore this concept, we assembled 
a promoter-bound complex by using a mutant 
SCP (mSCP) that lacked a consensus TATA se- 
quence (ACTGCCGT replacing TATAAAAG). The 
resulting IDA-mSCP complex was purified via a 
DNA-pulldown assay and resulted in a sample 
that still bound the promoter DNA but appeared 
trapped in the rearranged state with TBP con- 
strained onto the promoter (fig. S11). We did not 
observe any complexes in the engaged state, con- 
sistent with previous DNase footprinting experi- 
ments that showed that TFHD is only able to 
weakly protect the TATA box by using purified 
components (70). However, both in vitro transcrip- 
tion assays containing nuclear extracts and in vivo 
reporter assays showed transcription from mSCP 
templates (17, 41). Those results would indicate 
that other factors not present in the DNase foot- 
printing experiments, but present in the nuclear 
extract, must be aiding TBP in the absence of a 
consensus TATA. Factors such as transcriptional 
activators, chromatin marks, or other coactivator 
complexes could play an essential role in allow- 
ing transcription from TATA-less promoters by 
facilitating the transition from the rearranged to 
the engaged states and thus the full engagement 
of TBP onto DNA. 


TFIID as a coactivator and 
chromatin reader 


In vivo TFIID recruitment to the core promoter 
is aided by gene-specific activators and chro- 
matin marks. Promoters are enriched in certain 
posttranslational modifications of histones and 
in histone variants that distinguish them from 
the rest of the genome (42). Trimethylation of 
lysine 4 on histone H3 (H3K4me3) and acetyla- 
tion of H3 and H4 are especially enriched on 
the +1 nucleosome (the first nucleosome down- 
stream of the TSS), located ~50 bp downstream 
of the TSS (43-46). TFIID recognizes H3K4me3 
through the plant homeodomain (PHD) of TAF3 
and the diacetylated H4 via the TAF1 double 
bromodomain (DBD) (47-49). A model of the 
downstream promoter extended with a +1 nucleo- 
some shows how these domains, which our studies 
indicate are flexibly tethered to the core of TFIID, 
would be oriented toward the +1 nucleosome in 
the canonical state of TFIID, suggesting a mech- 
anism of TFIID recruitment by the modified +1 
nucleosomes of activated genes (Fig. 6A). 
Transcriptional activators determine cellular 
fate by directing the transcription of genes con- 
trolling development, differentiation, stimulus re- 
sponse, growth, and maintenance of homeostatic 
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balance (50). Though many activators have been 
shown to interact with different TAFs, the stron- 
gest evidence has been shown for binding of 
activators through the conserved glutamine- 
rich and TAFH domains of TAF4 within its long 
and flexible N terminus (57-53). A model gen- 
erated by extending the upstream DNA in the 
TFIID rearranged state shows how both copies 
of TAF4 are positioned toward the upstream 
proximal promoter [which is known to remain 
cleared of nucleosomes and act as a binding 
site for transcriptional activators (45)] so that 
they can interact with an activator via their 
flexible N-terminal domains. This model sug- 
gests that transcriptional activators may play 
a dual role in TFHD recruitment to the promoter, 
as well as in promoting TBP engagement by sta- 
bilizing the rearranged state of TFIID (Fig. 6B). 


Implications for the structure and function 
of the SAGA transcription complex 


The insights into the structure and mechanism 
of TFIID also shed light onto the possible func- 
tion of the large transcription factor SAGA, as the 
two complexes share a number of similar compo- 
nents (54) (fig. SI2A). SAGA contains four main 
modules of different function: a TBP-loading 
TAF-containing module, a histone acetyltrans- 
ferase module, a histone deubiquitinase module, 
and an activator binding TRRAP module (55). In 
humans, the SAGA TAF module contains TAF9, 
-10, and -12, which are shared with TFIID, as well 
as the SAGA-specific TAF5L and TAF6L, which 
are paralogs to TAF5 and TAF6 in TFIID. In ad- 
dition, SAGA also contains TADA], which sub- 
stitutes for TAF4 in forming a histone fold pair 
with TAF12; SUPT7, which can form a histone fold 
pair with TAF10; and SUPT3H, which contains 
two HFDs homologous to those in TAF11 and -13. 
Therefore, SAGA contains homologous proteins 
for all TAFs that make up the dimeric core of TFIID, 
but whether these exist in two copies within SAGA 
has not been determined. Using a model of lobe A, 
we aligned the common SAGA components with 
those in TFIID and were able to show that within 
the structurally modeled regions of TFIID, the 
homologous SAGA subunits are highly conserved 
(fig. S12B). We were also able to dock the TFIID- 
derived lobe A model containing only the SAGA 
homologous regions into the cryo-EM map of the 
Pichia pastoris SAGA complex (56), revealing its 
potential location within the complex (fig. S12C). 

The TADA1 subunit of SAGA has a HFD sim- 
ilar to TAF4 but does not appear to retain the 
conserved C-terminal region that in TFIID inter- 
acts with DNA and TFIIA. The SUPT7L subunit 
of SAGA that could act as a replacement for TAF8 
or TAF3 lacks strong sequence similarity to either 
of them outside of the HFD. The yeast ortholog 
of SUPT3H, Spt3, binds TBP but with much 
lower affinity than TAF11-TAF13, as demonstrated 
by the fact that TBP does not immunopurify with 
either human or yeast SAGA but can still bind 
TBP (54, 57). The presence of SUPT3H in SAGA 
suggests that a lobe A-like module may exist 
within the complex, but whether such a module 
is involved in delivering TBP to promoters in vivo 


Patel et al., Science 362, eaau8872 (2018) 


remains unclear. Existing models suggest that 
the activator-binding components within SAGA 
bring it to the promoter to load TBP (58, 59). 


Outlook 


Our studies provide a full structural descrip- 
tion of human TFIID and its conformational 
landscape and how these relate to core pro- 
moter engagement. The model we propose for 
TBP loading is likely conserved in eukaryotes 
as those regions that play critical roles in the 
process of TBP loading are all highly conserved 
(TAF1 and TAF2 downstream binding regions; 
TAF1 TAND, and TAF4 C-terminal regions). No- 
tably, although the regions responsible for con- 
tacting the downstream promoter motifs in 
human TAF! and TAF2 appear to be conserved 
in yeast, downstream promoter elements have 
not been identified in yeast despite a wealth of 
genomic data. Thus, it is likely that sequence- 
specific recognition plays a lesser role in down- 
stream promoter binding in yeast TFIID and 
that other factors, such as activators and chro- 
matin marks, may play a more substantial role 
in positioning TFIID. Our structures shed light 
on how TBP is regulated within TFIID to prevent 
it from nonspecifically binding DNA and starting 
aberrant transcription events, while simultane- 
ously providing an explanation for how TFIID 
is able to load TBP onto both TATA and TATA- 
less promoters. Our structures also suggest how 
activators and chromatin marks may be direct- 
ing TFIID recruitment and PIC assembly. Fur- 
ther studies will be needed to dissect the effects 
that these regulatory factors have on the mech- 
anism of TBP loading and the details of TFIID 
dynamic rearrangements during PIC assembly. 


Methods and materials summary 


TFIID was immunopurified from HeLa cells as 
described previously (10). For CX-MS, 100 nM 
of TFIID was incubated with 150 nM TFIIA and 
5 mM BS3 at room temperature for 2 hours and 
then quenched by the addition of 2.1 uM am- 
monium bicarbonate. The cross-linked proteins 
were precipitated with trichloroacetic acid and 
treated as described (60). Mass spectrometry and 
identification of BS3 cross-linked peptides was 
performed as described previously (60). 

For the cryo-EM sample preparation of apo- 
TFIID, TFIID was cross-linked on ice for 5 min 
using 0.01% glutaraldehyde, and then 4 ul were 
applied to a C-flat CF 2/2 holey carbon gird 
(Protochips) to which a thin continuous carbon 
film coated with polyethylenimine had been ap- 
plied to improve orientation distribution. For 
cryo-EM sample preparation of the mixed IIDA- 
SCP sample, TFIIA and SCP DNA were added at 
~1.2x molar excess to TFIID and incubated for 
3 min on ice followed by 2 min at 37°C and fi- 
nally cross-linked on ice using 0.05% glutar- 
aldehyde for 5 min before grid preparation. For 
cryo-EM sample preparation of the IIDA-mSCP 
complex was done as described in (12) except 
that the promoter DNA contained a mutated 
TATA box, with the sequence TATAAAAG in the 
original SCP being replaced by ACTGCCGT. 
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The grids for apo-TFIID and ITDA-mSCP were 
loaded into a Titan Low-base electron micro- 
scope (FEI) and those for mixed ITDA-SCP were 
loaded into a Titan Krios electron microscope 
(FED, and both were operated at 300 keV of ac- 
celeration voltage and equipped with a K2 direct 
electron detector (Gatan). Collected movies were 
motion corrected using MotionCor2 (67), CTF 
fits were determined using Gctf (62), and par- 
ticles were picked using Gautomatch (version 
0.53, from K. Zhang, MRC-LMB, Cambridge). Data 
processing was performed using Relion (63, 64), 
model building was carried out with O (65) and 
Coot (66), and model refinement was done using 
Phenix (67). 

Depictions of molecular models were gen- 
erated using PyYMOL (The PyMOL Molecular 
Graphics System, version 1.8, Schrédinger) and 
the UCSF Chimera (68) package from the Com- 
puter Graphics Laboratory, University of California, 
San Francisco (supported by National Institutes 
of Health P41 RR-01081). 
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INTRODUCTION: Transient receptor potential 
(TRP) melastatin 2 (TRPM2) is a Ca**-permeable, 
nonselective cation channel implicated in the 
development of many inflammatory and neu- 
rodegenerative diseases. Human TRPM2 has 
a C-terminal NUDT9H domain, which shares 
similarity to the NUDT9 enzyme that hydrolyzes 
adenosine diphosphate (ADP)-ribose (ADPR). 
Previous studies showed that TRPM2 is co- 
activated by ADPR and Ca”*. However, the mo- 
lecular mechanism of human TRPM2 activation 
remains elusive. 


RATIONALE: To address the gating mecha- 
nism of human TRPM2, we aimed to resolve 
the structures of full-length human TRPM2 
in different states. By optimizing expression 
and purification procedures, we obtained ho- 
mogeneous recombinant TRPM2 samples from 
human embryonic kidney (HEK) 293F cells. 
With single-particle cryo-electron microscopy 


Apo, 
closed state 


Extracellular 


35 
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=> 


MHR1/2 


Interfaces | and Il in cis and 
interface Ill in trans by NUDT9H 


ADPR-bound, 
primed but closed state 


MHRI1/2 rotation and disruption 
of interface Ill in trans 


(cryo-EM), the structures of human TRPM2 
alone, in complex with ADPR, and in complex 
with ADPR and Ca”* were determined to 3.6-, 
6.1-, and 6.4-A resolution, respectively. 


RESULTS: Human TRPM2 assembles into a 
tetramer with a three-tier architecture, which 
resembles other structures in the TRPM fam- 
ily (see the figure). The bottom tier is com- 
posed of the C-terminal NUDT9H domain, the 
N-terminal MHR1/2 and MHR3 domains, and 
the pole helix. The middle tier consists of the 
MHR4 domain and the rib helix, whereas the 
top tier comprises the S1 to S6 transmembrane 
helices and the TRP helices, including TRP H1. 

One notable feature in the human TRPM2 
apo structure is that the NUDT9H domain, 
which is responsible for sensing ADPR, as 
shown by binding affinity measurements, folds 
back to form extensive interactions with the 
TRPM2 N-terminal domains both in cis and 


ADPR- and Ca2*-bound, 
open state 


MHR rotation and changes 
at TRP Hl and S6 


Activation mechanism of the human TRPM2 channel. Cryo-EM structures of full-length 
human TRPM2 in apo (closed), ADPR-bound (closed), and ADPR- and Ca**-bound (open) states 
and corresponding cartoons that illustrate the gating process of the channel. 
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in trans. Upon ADPR binding, the NUDT9H 
domain and the MHR1/2 domain undergo a 
27° rigid-body rotation, which disrupts the trans 
interaction between NUDT9H and MHR and 
may prime the channel for opening. Compared 
with the ADPR-bound structure, the ADPR and 
Ca?*-doubly bound TRPM2 undergoes a 15° 


rotation in the cytoplasmic 
domain, a tilt of the TRP 
Read the full article helix, and a twist of the S6 


gating helix to open the 
channel. The structures col- 
lectively provide a full de- 
piction for the mechanism 
of human TRPM2 activation (see the figure). 

In addition, our structures highlight sev- 
eral differences in the gating mechanism of 
TRPM2 across species. In contrast with our 
observation that the NUDT9H domain of hu- 
man TRPM2 is required for channel coactivation 
by ADPR and Ca", the open-state structure of 
zebrafish TRPM2 revealed an unexpected ADPR- 
binding site at the MHR1/2 domains. To re- 
solve this inconsistency, we demonstrated that 
NUDT9H of human TRPM2 has a substantially 
higher affinity to ADPR than that of zebrafish 
TRPM2, and that mutation of MHR1/2 residues 
in human TRPM2 equivalent to the ADPR- 
binding residues in zebrafish TRPM2 does not 
compromise human TRPM2 channel opening. 
A second major difference is that the P loop of 
NUDTOH responsible for the trans interaction in 
human TRPM2 is absent in NUDT9H of zebra- 
fish TRPM2, which does not closely associate 
with the MHR arm in the apo state. Moreover, in 
comparison with sea anemone TRPM2, in which 
the NUDT9H domain hydrolyzes ADPR but does 
not contribute to channel opening, NUDT9H of 
human TRPM2 binds ADPR to promote chan- 
nel opening but does not degrade ADPR. To- 
gether, these species-specific features reflect 
functional and mechanistic complexity in TRPM2 
and the TRP superfamily during evolution. 


at http://dx.doi. 
org/10.1126/ 
science.aav4809 


CONCLUSION: Structures of human TRPM2 
alone, in complex with ADPR, and in complex 
with ADPR and Ca”* elucidate the mechanism 
of TRPM2 gating and provide a framework for 
the understanding of TRPM2-associated dis- 
eases. Although it is conserved across species 
that TRPM2 is coactivated by ADPR and Ca?*, 
the organization of the NUDT9H domain and 
how the orthologs respond to ADPR seem to 
diverge on the basis of our and previously 
resolved structures of TRPM2. Moreover, our 
structures reveal an important role of the TRP 
helix in TRPM2 gating, which may be univer- 
sal in many other TRP channels. ® 
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Transient receptor potential (TRP) melastatin 2 (TRPM2) is a cation channel associated 
with numerous diseases. It has a C-terminal NUDT9 homology (NUDT9H) domain 
responsible for binding adenosine diphosphate (ADP)-ribose (ADPR), and both ADPR and 
calcium (Ca?*) are required for TRPM2 activation. Here we report cryo-electron 
microscopy structures of human TRPM2 alone, with ADPR, and with ADPR and Ca**. 
NUDTOH forms both intra- and intersubunit interactions with the N-terminal TRPM 
homology region (MHR1/2/3) in the apo state but undergoes conformational changes 
upon ADPR binding, resulting in rotation of MHR1/2 and disruption of the intersubunit 
interaction. The binding of Ca2* further engages transmembrane helices and the conserved 
TRP helix to cause conformational changes at the MHR arm and the lower gating pore 

to potentiate channel opening. These findings explain the molecular mechanism of 
concerted TRPM2 gating by ADPR and Ca”* and provide insights into the gating 


mechanism of other TRP channels. 


he transient receptor potential melastatin 
(TRPM) family belongs to the superfamily 
of transient receptor potential (TRP) ion 
channels and is involved in multiple bio- 
logical processes and diseases (J-3). In 
humans, there are eight TRPMs, which share 
sequence similarity but respond to different 
stimuli (/-3). TRPM family members share a 
core architecture that includes a large TRPM 
homology region (MHRI to 4), a six-helix trans- 
membrane (TM) domain, a conserved TRP helix 
region, a rib helix, and a pole helix (Fig. 1A). In 
addition to the core, some TRPMs have an ad- 
ditional enzyme domain that regulates gating 
and are sometimes classified as chanzymes (1). 
For example, TRPM2 has a C-terminal NUDT9 
homology (NUDT9H) domain, which has a pre- 
dicted fold belonging to the Nudix hydrolase 
family that catalyzes the conversion of adenosine 
diphosphate (ADP)-ribose (ADPR) to adenosine 
monophosphate (AMP) and ribose-5-phosphate 
(R5P). It has been debated whether the NUDT9H 
domain of TRPM2 has enzymatic activity (4, 5). 
TRPM2 forms a Ca”*-permeable nonselective 
cation channel gated by ADPR and Ca’* (6-9). 
ADPR is a metabolic product of nicotinamide 
adenine dinucleotide (NAD) and accumulates 
in cells upon oxidative stress. TRPM2 relays 
oxidative stress to Ca* signaling with many vital 
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physiological roles (10-73). In particular, TRPM2 
plays prominent functions in immunity and in- 
flammation, which include chemokine produc- 
tion, inflammasome activation, and infection 
control (8, 74-18). Under pathological conditions 
such as ischemia-reperfusion injury, inflamma- 
tion, and Alzheimer’s disease, TRPM2 can be 
activated by high levels of reactive oxygen spe- 
cies through ADPR accumulation and exacer- 
bates the diseases (19, 20). Therefore, TRPM2 is 
an attractive therapeutic target against chronic 
inflammatory and neurodegenerative diseases. 

Recently reported cryo-electron microscopy 
(cryo-EM) structures of human TRPM4 (2/-24), 
Ficedula albicollis TRPM8 (25), Nematostella 
vectensis TRPM2 (nvTRPM2) (26), and mouse 
TRPM7 (27) have shed light on the closed, in- 
active core architecture of TRPM family cation 
channels. Here we determined the cryo-EM 
structures of full-length human (Homo sapiens) 
TRPM2 (AsTRPM2) in apo, ADPR-bound, and 
ADPR- and Ca?*-bound states. Instead of being 
flexibly linked to the C-terminal end as pre- 
viously presumed (26), NUDT9H folds back 
onto the N-terminal domain to form extensive 
interactions with MHR through both intra- and 
intersubunit contacts. Upon ADPR binding, 
NUDT9H undergoes conformational changes 
that trigger the rotation of MHR1/2 and dis- 
lodging of the intersubunit interaction. This 
ADPR-induced “priming” effect may further al- 
low Ca?* binding to concertedly tilt the TRP 
helix, twist the MHR, and rotate the gating S6 
helix to open the channel. Unexpectedly, the 
cryo-EM structure of zebrafish (Danio rerio) 
TRPM2 (drTRPM2) in complex with ADPR and 
Ca?* published recently shows ADPR binding 
at the MHR1/2 region (28). Our further exper- 
imental evidence confirmed the species-specific 
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difference in ADPR binding and gating using 
NUDTOH for hsTRPM2 and MHR1/2 for d?TRPM2, 
respectively. 


Structure of full-length hsTRPM2 in the 
apo state 


We expressed AsTRPM2 in human embryonic 
kidney (HEK) 293F cells and purified it in the 
absence of ADPR and Ca”* (fig. S1). We then de- 
termined its fourfold symmetric cryo-EM struc- 
ture at 3.6-A resolution (figs. S2 and $3, and 
table S1). The initial cryo-EM density map was 
of sufficient quality for modeling the N-terminal 
cytosolic domains but not NUDT9H and the 
TM region. Using density subtraction and focused 
three-dimensional (3D) classification followed 
by local refinement, we improved the cryo-EM 
maps at these regions (figs. S2 and S3). The 
final map revealed a square-shaped structure 
with approximate dimensions of 150 A by 100 A 
by 100 A, and the final model comprises all do- 
mains except the linker between the pole helix 
and the NUDT9H domain (Fig. 1, A and B). 

The overall structure of hsTRPM2 is similar to 
that of drTRPM2 (28) (fig. S4A), with NUDT9H 
prominently decorating the bottom corners of 
the large intracellular region of the tetramer 
(Fig. 1, B and C). In a three-tier description of 
the overall architecture that has been used for 
TRPM channels, NUDT9OH resides on the bottom 
tier, which also comprises the N-terminal MHR1/2, 
MHR3, and the pole helix (Fig. 1, C to E). Sur- 
rounded by MHR1/2, the symmetric pole helices 
form a parallel tetrameric coiled coil at the 
fourfold axis. The middle tier of TRPM2 consists 
of the rib helix and the MHR4 domain; the 
latter provides stacked a helices to bridge the 
N-terminal cytosolic domain and the TM region. 
We call the entire MHR region the MHR arm 
(Fig. 1A). The top tier is composed of pre-S1, S1 
to S6 TM domain helices, and the TRP helices. 
As in most classic six-pass cation channels, the 
TM region of TRPM2 is arranged in a domain- 
swapped architecture, where the S1-S4 voltage 
sensing-like domain (VSLD) of one subunit in- 
teracts with the S5-S6 pore domain of a neigh- 
boring subunit (fig. S4, B and C). 


Cis and trans interactions between 
NUDT9OH and MHRs 


NUDTOH adopts a two-domain architecture, in 
which the N-terminal domain (NTD) is domi- 
nated by loops and short f strands, and the 
C-terminal domain (CTD) comprises a central 
B sheet surrounded by several o: helices (Fig. 2A). 
NUDT9H resembles human NUDT9 (29), a mito- 
chondrial ADPR pyrophosphatase, and has a con- 
served P loop that connects two f strands in 
the central 8B sheet of the NUDT9H CTD (Fig. 
2, Aand B). NUDTOH lies adjacent to MHR1/2 
and MHR3 in the same subunit and also in- 
teracts with MHR1/2 of a neighboring subunit. 
We defined three contact areas: interfaces I, II, 
and III (Fig. 2C). Interfaces I and II mediate 
intrasubunit (cis) interactions of NUDT9H with 
MHRI1/2 and MHR3, respectively (Fig. 2, D and 
E). Interface III enables intersubunit (trans) 
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interactions between the P loop of NUDT9H in 
one subunit and MHR1/2 of a neighboring sub- 
unit (Fig. 2F). Through these interfaces, NUDT9H 
couples neighboring subunits by occupying the 
groove between two MHR arms, thereby restric- 
ting intersubunit movement and likely stabiliz- 
ing the MHR arms in the absence of ADPR 
binding (Fig. 2C). Of note, despite the overall 
similarity in the subunit structure, this inter- 
subunit interaction is absent in drTRPM2 (fig. 
S4D), likely owing to the P-loop deletion in 
drTRPM2 NUDTOH (fig. S4, E and F). 


MHR1/2 rotation, MHR3 allosteric 
change, and dislodging of the 
intersubunit interface upon ADPR binding 


To obtain a structure of TRPM2 in complex with 
ADPR, we first showed by surface plasmon reso- 
nance that the NUDT9H domain of hsTRPM2 
directly interacts with ADPR with a measured 
affinity of ~15 uM (Fig. 3A), similar to the mea- 
sured affinity of ~41 uM for ADPR binding to 
full-length hsTRPM2 (Fig. 3A) (7, 30-32). The 
NUDT9H domain is also absolutely required 
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for channel gating (fig. S5, A to C), and TRPM2 
does not hydrolyze ADPR (4, 5) (fig. S5, D and 
E). By contrast, the dy TRPM2 structure revealed 
functionally important ADPR binding at the 
MHR1/2 domain (28). To determine whether 
the ADPR-binding site at MHR1/2 is also im- 
portant for hsTRPM2, we generated the double 
mutant R302A/R358A (Are”°—>Ala/Are”’8§— Ala), 
whose equivalent in d7vTRPM2 nearly abolished 
ADPR-induced current (28). We found by Ca?* 
imaging that the mutant did not substantially 
affect channel gating by ADPR (fig. S5, B and C), 
suggesting that the ADPR-binding site observed 
in drTRPM2 does not play an important role in 
hsTRPM2. We further expressed the NUDT9H 
domain of dyTRPM2 and found that its binding 
affinity to ADPR is close to millimolar, much 
reduced in comparison to the NUDT9H domain 
of hsTRPM2 (fig. S5, F and G), which is also con- 
sistent with the multiple mutations in d’TRPM2 
at the proposed NUDT9H ADPR-binding site (30) 
(fig. S4F). These data collectively demonstrate 
that drTRPM2 and hsTRPM2 use MHR1/2 and 
NUDT9H domains, respectively, for ADPR sensing. 
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Fig. 1. Cryo-EM structure 
of hsTRPN2 in the apo, 
closed state. (A) Domain 
organization, with residue 
numbers indicated above. 
(B) Side view of the 3D cryo- 
EM density superimposed 
with the atomic model. Four 
subunits in the tetramer are 
colored in green, cyan, 
magenta, and yellow. The 
tetramer has estimated 
dimensions of 150 A by 

100 A by 100 A. (C) Ribbon 
diagrams with the subunits 
colored in green, cyan, 
magenta, and yellow and in 
two orthogonal views. The 
model is divided into three 
tiers, and the NUDT9H 
domain model is overlaid 
with a transparent surface 
representation. (D) Illustra- 
tion of the major structural 
components and their spatial 
organization, shown in the 
same color scheme as in (A). 
(E) A ribbon diagram of a 
monomeric subunit, 

with domains labeled 

and colored according to 
the illustration in (D). 


We then purified TRPM2 in the presence of 
ADPR and EDTA to chelate Ca”* and obtained 
a cryo-EM density map at 6.1-A resolution (fig. 
S6 and table S1). Despite the limited resolution 
of this state, a comparison to the apo state re- 
veals dramatic conformational changes at the 
bottom tier where NUDT9H, MHR1/2, and MHR3 
reside (Fig. 3, B and C). In particular, interface IIT 
between NUDT9H of one subunit and the MHR1/ 
2 domain of a neighboring subunit is lost upon 
ADPR engagement (Fig. 3B). MHR1/2 rotates 
about 27° toward NUDT9H, clockwise if viewed 
from the extracellular side, whereas the remain- 
der of the TRPM2 subunit structure does not 
show large changes (Fig. 3, C to E). Although the 
change at the MHR1/2 region is mostly rigid- 
body movement (fig. S7A), the MHR3 region, 
especially the helical hairpin that interacts with 
the NUDT9H CTD on one side and MHR1/2 on 
the other side, exhibits substantial local confor- 
mational changes (fig. S7B). 

To deduce conformational changes at NUDT9H 
upon ADPR binding, we fit the apo NUDT9H 
model as a rigid body into the cryo-EM density 
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of the ADPR-bound form (Fig. 3F). In the homol- 
ogous NUDT9 crystal structure [Protein Data 
Bank (PDB) 1QVJ], the hydrolytic product R5P 
sits in a cleft between the NTD and CTD (29), 
and docking, molecular dynamics simulation, 


Fig. 2. NUDTOH and its interactions with the 
MHR1/2 and MHR3 domains. (A) Structure of 
NUDT9OH in a two-domain architecture. The 
ocation of the P loop is labeled. (B) Structural 
comparison between NUDT9H and human 
NUDT9 (PDB 1Q33) (29). (C) Three interfaces 
mediated by NUDT9SH that contact in cis the 
MHR1/2 and MHR3 domains and in trans the 
MHR1/2 domain of a neighboring subunit. (D to 
F) Depiction of the three interfaces in detail. At 
interface | (D), the NUDT9H NTD closely 
contacts helix a9 from MHR1/2, forming charge- 
charge interactions between R1254 and E401, 
hydrogen bonds between N1259 and Q407/ 
D408 and between E1260 and Q407, and 
hydrophobic interactions among P1256, P1258, 
V400, and K405 and between F1255 and V400. 
The NUDTSH CTD and the al0-all region of 
MHR3 establish interface II (E), in which R1481 
and E476 form charge-charge interactions while 
Q1476, P1483, F447, and H446 form hydrophobic 
interactions. Interface III (F) features mostly 
hydrophilic interactions formed by the P loop of 
one subunit and MHR1/2 of a neighboring 
subunit, such as those between D1360 and Q90, 
between E1359/N1358 and Q271, and between 
N273 and R1365. Single-letter abbreviations for 
the amino acid residues are as follows: A, Ala; 
C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; 
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; 

R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 


Fig. 3. TRPM2 priming by ADPR binding to 
NUDTOH. (A) ADPR binding affinities to 
NUDTSH (top) and full-length TRPM2 (bottom), 
as measured by surface plasmon resonance 
(SPR). ARU, change in response units; Kp, 
dissociation constant. (B) A ribbon diagram of 
ADPR-bound TRPM2 shown as a dimer, with one 
subunit in domain colors and the other subunit in 
gray. Disruption of the intersubunit interaction 

is indicated. (C) Top view of overlaid tetramers of 
TRPM2 in ADPR-bound state (colored surface) 
and in apo state (gray surface), showing a 27° 
rotation between subunits in the two states. Two 
squares help to indicate the rotation. (D) Side 
view of one subunit in surface representation, 
showing the conformational changes of TRPM2 
from the apo state (gray) to the ADPR-bound 
state (colored). (E) Overlaid side-view ribbon 
diagrams, showing the rotation of NUDT9H, 
MHR1/2, and MHR3 domains from the apo state 
(gray) to the ADPR-bound state (colored). 

(F) Comparison of NUDT9H densities in the apo 
state (gray) and the ADPR-bound state (salmon). 
The NUDT9H model from the apo state 
(magenta) is fitted into the ADPR-bound state 
density as a rigid body. The P-loop region and the 
NTD that needs to be rotated are indicated. 
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and mutagenesis identified the crevice between 
the NTD and CTD as an ADPR-binding site (30). 
We could not resolve the bound ADPR in our 
density but observed that the NTD-CTD crevice 
is smaller, consistent with direct ADPR binding 
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(Fig. 3F). The density also suggests that the NTD 
needs to rotate relative to the CTD to fit better, 
likely leading to changes at the interface with 
MHBRs. In addition, the P-loop region is consid- 
erably different, which may contribute to the 
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disengagement of interface III between NUDT9H 
and MHR1/2 in trans. NUDT9H is likely bifunc- 
tional: It inhibits MHR movement in the absence 
of ADPR through intra- and intersubunit inter- 
actions and induces MHR rotation and dis- 
lodging of the intersubunit interaction in the 
presence of ADPR. As discussed below, these 
changes collectively “prime” TRPM2 for channel 


A 


MHR ann 


opening by Ca”* binding, and we therefore named 
the ADPR-bound state the primed state. 


Global conformational changes upon 
coactivation by ADPR and Ca”* 


It has been shown that although ADPR is re- 
quired for TRPM2 opening, the channel remains 
closed until Ca?* binds at the TM region (9). 


from primed to open state 
E 
Ss 
$2 
TRP Ht 
MHR4 
daFTRPM2 (6DRJ} TRP H1 interaction with MHR4 
Calcium binding site (whole structure aligned) 


c 
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Using single-channel recording, we recapitu- 
lated the process of channel opening synergis- 
tically triggered by ADPR and Ca”" (fig. $8). To 
elucidate coactivation by ADPR and Ca?*, we 
purified hsTRPM2 in the presence of ADPR and 
Ca?* and obtained a cryo-EM map at 6.4-A res- 
olution (fig. S9 and table S1). Although the 
structure is only at a modest resolution, the global 


Fig. 4. Global conformational changes of 
hsTRPM2 during its opening. (A) Side view of 
one subunit in surface representation, showing a 
15° rotation from the primed state (gray sur- 
face) to the open state (colored surface). The 
entire MHR arm moves. (B) Top view of overlaid 
tetramers in the open state (colored surface) 
and the primed state (gray surface). Two 
squares help to indicate the rotation. 

(C) Superimposed TRPM2 structures in 

the primed (gray) and open (magenta) states. 
(D) Coordination of Ca?* by residues in 

TRP Hl, S2, and S3 in both hsTRPM2 and 
drTRPM2 (PDB 6DRJ) (28). (E) TRP H1 and 
MHRA4 are positioned in close proximity via 
direct interactions, shown as a global super- 
position between the apo (gray) and open 
(colored) states. TRP HI tilts as a consequence 
of Ca** binding, establishing a molecular cou- 
pling between TRP H1 and the cytosolic domain. 


Fig. 5. Conformational changes of the ion 
permeation pore. (A to C) Pore-forming 
domain of TRPM2 in apo (A), ADPR-bound (B), 
and open (C) states, with key residues lining the 
pore shown as sticks. The pores are shown as 
space-filling models and were calculated using 
the HOLE program (38). (D) Pore radii of apo 
(blue) and open (magenta) states along the 
pore axis, calculated as in (A) to (C). 

(E) Comparison of the TM region in apo (gray) 
and open (colored) states. Bound Ca?*, S6, 
TRP Hl, and S1-S4 are labeled. (F) TM region 
of the apo (gray) and open (cyan) states, 
showing a partial melting of S6 and TRP H1 in 
the open state. (G) Enlarged view of the 
conformational change near residue 11045 at the 
lower gate. (H) The open state conformation 
may be stabilized by the trans interaction 
between S6 and the melted S6-TRP helix loop. 
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organization of the domains and the TM helices 
are well defined. In contrast to the clockwise 
rotation between the ADPR-bound state and 
the apo state (Fig. 3D), subunits in the open- 
state structure undergo counterclockwise rota- 
tion in comparison with the ADPR-bound state 
when viewed from outside the cell (Fig. 4, A and 
B). The subunit structure in the primed state is 
similar to that in the open state, suggesting that 
the rotation is largely rigid body in nature (Fig. 
4C). Whereas the rotation from apo to primed 
involves mostly the bottom MHR arm, the ro- 
tation from primed to open involves both the 
middle and bottom tiers, as well as conforma- 
tional adjustments in the TM region (Fig. 4A). 

The Ca?*-binding site is localized near the 
intracellular border of the channel, in between 
$2, $3, and the TRP H1 helix. Despite the mod- 
est resolution, the electron density was best 
interpreted as Ca?* being coordinated by res- 
idues E843 and Q846 of S2, N869 of 
$3 and E1073 of TRP H1 (E, Glu; Q, 
Gln; and N, Asn) (Fig. 4D and fig. 
S10A). Involvement of the TRP helix 
in Ca?* coordination has not been 
observed in structures of other TRP 
channels but is consistent with the 
coordination seen in the higher res- 
olution d7TRPM2 structure (PDB 6DRJ) 
even though the authors did not point 
this out (28) (Fig. 4D). In the nvTRPM2 
structure in the absence of ADPR, the 
TRP Hi residue equivalent to E1073 
locates right below the observed Ca?* 
site (fig. SIOB), and mutagenesis on 
this residue also compromised Ca?* 
sensitivity as it did on residues on S2 
and S3 (26). Notably, E1073 of TRP 
H1 is highly conserved in different 
TRPM channels (fig. SIOC). These data 
support a subtle, but notable, differ- 
ence in Ca”* coordination in the pres- 
ence and absence of ADPR. 

Binding of Ca?* is associated with a tilt at 
TRP Hi, which, in turn, is intimately associated 
with the cytosolic domain through its interac- 
tion with MHR4: using extensive hydrophobic 
and hydrogen-bonding interactions (Fig. 4E). 
We propose that this TRP-MHR coupling is 
responsible for the transmission of the Ca?*- 
binding signal to the cytosolic domain. Super- 
position of just the TRP-MHR4 region between 
the closed and open states suggests that the 
coupling is mostly rigid body (fig. S10D). Be- 
cause of the large dimensions of the MHR arm, 
a subtle conformational change at TRP H1 may 
be amplified to large movement at the bottom 
tier of the structure (Fig. 4A). We propose that 
neither Ca”* binding nor ADPR binding alone 
provides a sufficient amount of energy to elicit 
the concerted conformational changes that in- 
volve MHR1/2 rotation, local changes at MHR3, 
and global rotation of the entire cytosolic domain. 
Instead, two binding events likely mutually prime 
each other to share the energetic cost required for 
the conformational changes. For hsTRPM2, these 
conformational changes may also be restricted by 
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the intersubunit interaction exerted through the 
NUDT9H domain (Fig. 2C). Freeing the subunits 
from this intersubunit restriction through ADPR 
binding may then also facilitate any conforma- 
tional changes required for regulation and gating. 


Conformational changes at the 
pore region associated with TRPM2 
channel gating 


As in other TRP channels, the ion permeation 
pathway in TRPM2 is composed of a selectiv- 
ity filter, a central cavity, and a lower gate 
(Fig. 5, A to D). The selectivity filter and the 
central cavity of TRPM2 are relatively invariant 
among the different states (Fig. 5, A to C). The 
lower gate, however, is highly restricted in the 
apo and primed states, with 11045 (I, Ile) of S6 
forming the most constricted point to block ion 
flow (Fig. 5, A, B, and D). In the state doubly 
bound to ADPR and Ca”*, the local region of S6 
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Movie 1. Conformational changes of hsTRPM2 during 
channel opening. 


that includes 11045 and Q1053 tilts away from 
the central cavity, thereby dilating the lower 
gate to a similar radius as the selectivity filter, 
promoting channel-open probability (Fig. 5, C 
and D). This pore enlargement, however, is not 
sufficient to allow the passage of hydrated Ca?* 
ions, which are ~4 A in radius. Comparatively, the 
lower gate of the doubly bound state of dr TRPM2 
is wider (fig. SIOE). However, in this presumed 
open state, the selectivity filter of drTRPM2 be- 
comes the most constricted point in the ion con- 
ductive pathway (28), and its width is similar to 
that of the selectivity filter of hsTRPM2. There- 
fore, both hsTRPM2 and drTRPM2 structures in 
complex with ADPR and Ca?* may represent an 
intermediate state on the way to the fully open 
state; the latter may be quite transient, as shown 
by single-channel recordings (fig. S8). 
Conformational changes at TRP H1 and the 
S6 gating helix accompany the widening of the 
lower gate to promote channel-opening proba- 
bility. In a closed state, either apo or primed, 
TRP H1 connects to S6 via a continuous helix 
that bends at the junction (Fig. 5F). Upon Ca?* 
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binding to ADPR-primed TRPM2, the begin- 
ning part of TRP H1 and the ending part of S6 
melt together into a loop, which likely releases 
the pull on S6 by TRP H1 and allows it to ro- 
tate and translate (Fig. 5, F and G), as also seen 
in the drTRPM2 structure (28). Because TRP H1 
directly binds to Ca?*, we propose that it brings 
about Ca?*-induced conformational changes at 
the S6 gating helix (Fig. 5, E to G). In this state, 
doubly bound to ADPR and Ca", there is an 
additional contact between the melted S6-TRP 
connection and S6 of a neighboring subunit, 
which may stabilize the open conformation 
(Fig. 5H). 

For some TRP channels, an o helix-to-7 helix 
transition in a region of S6 has been proposed 
to cause gating (33, 34). For TRPM2 structures 
from the different species presented here and 
published previously (26, 28), the -helix seg- 
ment already exists in the closed conformation, 
suggesting that TRPM2 must be gated 
differently. Of note, many cation chan- 
nels use the S4-S5 linker within the 
$1-S4 VSLD to cause a conformational 
change at the S6 gating helix (35). In 
hsTRPM2 and d7TRPM2 (28), TRP H1 
sits adjacent to the S4-S5 linker, and it 
is possible that TRP H1 couples to S4- 
S5 to effect gating indirectly as well as 
through its direct connection to S6. 
Because TRP H1 consistently links to 
both the TM and the cytosolic domain 
through extensive interactions in avail- 
able structures in the TRP family (fig. 
S11), we propose that the role of TRP 
H1 as an allosteric center to regulate 
gating, as revealed from the current 
study, may be more general than pre- 
viously appreciated. 


Discussion 


Our cryo-EM structures of hsTRPM2 
in the apo, ADPR-bound, and ADPR- and Ca?*- 
bound states reveal conformational regulation 
of TRPM2 gating (Fig. 6 and Movie 1). In the 
apo state, the NUDT9H domain forms both 
intra- and intersubunit interactions, which may 
be important for locking TRPM2 in a closed 
state. Supporting this autoinhibition concept, 
small-molecule inhibitors for the related TRPM4: 
channel have been shown to bind at these in- 
terfaces (22, 23). Specifically, adenosine triphos- 
phate (ATP) binding at the subunit interface 
has an inhibitory role in TRPM4 activity (22), 
and, although more complex, one of the de- 
cavanadate molecules also nestles at a subunit 
interface (23). In addition to sensing Ca?* and 
ADPR, hsTRPM2 has been shown to sense body 
temperature to limit the fever response (J, 12). 
By contrast, drTRPM2 lacks intersubunit inter- 
actions (28) and does not respond to heat or pH 
(36). We speculate that higher temperature, in 
the form of enhanced thermal motion, may 
overcome the intersubunit interactions in 
hsTRPM2 to modulate gating. 

The apo conformation of TRPM2 is dramat- 
ically altered upon ADPR binding, with large 
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Fig. 6. A model for hsTRPM2 
gating. In the apo state (left), 
the channel is in a closed 
conformation with S6 (magenta) 
forming the lower gate and 
NUDTSH (pink) interacting with 
MHR1/2 (cyan) and MHR3 
(blue) in cis and MHR1/2 from a 
neighboring subunit in trans. 
Upon ADPR binding (middle), 
rotation of MHR1/2 and dis- 
engagement of the trans 
interaction prime the channel 
for opening. Binding of Ca?* 
directly engages S2 and 


% 


MHR1/2 


S3 helices (purple) and TRP H1 (orange), leading to a tilt at TRP H1 and 
partial melting at the S6-TRP junction to trigger S6 rotation and channel 
opening. In the open conformation cartoon (right), the gray helix 


domain rotation in MHR1/2 and local changes 
in MHR3, as well as disengagement of the in- 
tersubunit interaction. This effect of ADPR may 
allow the cytosolic domain of each subunit to 
freely rotate when Ca?* binds at $2, S3, and TRP 
H1. In contrast to ADPR, the priming confor- 
mational changes by Ca?* may be more subtle, 
as suggested by the lack of gross conformational 
differences between the apo state of hsTRPM2 
and the Ca?*-bound state of nvTRPM2 (fig. S12). 
The tilt of TRP H1 and melting at the S6-TRP 
junction, as well as the proximity of the S4-S5 
linker to TRP H1, may all help to twist the 
gating helix S6 to enhance the channel-opening 
probability. Because of its strategic location and 
coupling to both the TM and the cytosolic do- 
main (fig. S11), TRP H1 appears to be especially 
important for gathering allosteric signals from 
various parts of the channel to effect gating, a 
hypothesis that may be further tested in mul- 
tiple TRP channels. During the conformational 
transitions accompanying either priming or open- 
ing, the coiled coil formed by the pole helix re- 
mains unchanged, as if serving as a central 
spine to provide an anchor for movements at 
the periphery. 

Intriguingly, the drTRPM2 structure showed 
ADPR binding at MHR1/2 instead of at NUDT9H 
(28). Our experimental data demonstrate that 
this ADPR binding mode represents a true dif- 
ference between drTRPM2 and AsTRPM2, as 
NUDTO9H of drTRPM2 has affinity to ADPR in 
the millimolar range (fig. S5G), likely much 
higher than an inducible intracellular ADPR 
concentration, and mutations at MHR1/2 did 
not affect Ca’* signaling by hsTRPM2 (fig. S5B). 
In this regard, previous studies showed that 
NUDTOH of nvTRPM2 degrades ADPR but 
plays no role in coactivation by ADPR and 
Ca”* (37), whereas NUDT9H of hsTRPM2 binds 
ADPR to promote gating but does not have the 
ability to hydrolyze ADPR. Additional studies 
on species-specific aspects of TRPM2 structure 
and function are required to further tease out 
the complexity. 
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Materials and methods summary 


Full-length hsTRPM2 with an N-terminal MBP 
tag was expressed in HEK293F cells and sol- 
ubilized in 50 mM HEPES at pH 7.4, 150 mM 
NaCl, 2 mM TCEP, 2% glycerol, 1% LMNG, 0.1% 
CHS, and a protease inhibitor cocktail. TRPM2 
was purified by amylose affinity resin followed 
by glycerol gradient and dialysis. For the cryo- 
EM study, 1 mg/ml TRPM2 was applied to grids 
and plunge-frozen using Vitrobot Mark IV. All 
the cryo-EM data were collected on a Titan Krios 
and processed using standard procedures. 
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MOLECULAR MAGNETS 


A linear cobalt(II) complex with 
maximal orbital angular momentum 
from a non-Aufbau ground state 


Philip C. Bunting, Mihail Atanasov, Emil Damgaard-Meller, Mauro Perfetti, Iris Crassee, 
Milan Orlita, Jacob Overgaard, Joris van Slageren, Frank Neese, Jeffrey R. Long* 


INTRODUCTION: The magnetic properties 
of a single metal center are determined by a 
combination of its total spin S and orbital angu- 
lar momentum L. Orbital angular momentum 
gives rise to magnetic anisotropy, an essential 
property for applications such as information 
storage and high-coercivity magnets. Unquenched 
L arises from an odd number of electrons in 
degenerate orbitals and is typically observed 
only for free ions, as well as for complexes of 
the f elements. For the majority of transition 
metal ions, however, orbital angular momen- 
tum is quenched by the ligand field, which 
removes the requisite orbital degeneracies. 
Maximal L for a transition metal (Z = 3) would 
require an odd number of electrons in two sets 
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of degenerate orbitals. Such a species would 
entail a non-Aufbau configuration, wherein the 
electrons do not fill the d orbitals in the usu- 
al order of lowest to highest in energy, and 
likely exhibit a large magnetic anisotropy. 


RATIONALE: Previous efforts have identified 
the utility of linear coordination environments 
for isolating iron complexes with unquenched 
orbital angular momentum and large mag- 
netic anisotropies. Crucially, transition metals 
in this environment are unaffected by Jahn- 
Teller distortions that would otherwise re- 
move orbital degeneracies in the case of 
partially filled d orbitals. Separately, cobalt at- 
oms deposited on a MgO surface—for which 
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Linear dialkyl cobalt(II). (A) Molecular structure of Co(C(SiMezONaph)3)>2. Purple, gray, 
turquoise, and red spheres represent Co, C, Si, and O, respectively. Hydrogen atoms have 
been omitted for clarity. (B) Energy diagram depicting the energy and electron occupations of 
the 3d orbitals. (C) The calculated splitting of the ground “® state by spin-orbit coupling. The 
red line is the experimentally determined energy of the M, = +’/2 state. (D) Variable-field FIR 
spectra of Co(C(SiMezONaph)3)2. The top section shows the applied-field spectra (Tg) divided 
by the zero-field spectrum (To). (E) Variable-field magnetization data for Co(C(SiMezONaph) 
3)2 and Cog92ZNo.98(C(SiMe2z0Naph)3)o at 1.8 K. ug, bohr magnetons. 
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one-coordination of the metal is achieved, pro- 
vided a vacuum is maintained—were shown 
to have L = 3, giving rise to near-maximal 
magnetic anisotropy. Calculations on the hy- 
pothetical linear molecule Co(C(SiMes)3)s. 
(where Me is methyl) also predicted that this 
system would possess a ground state with L = 3. 
Empirically, maximal LZ in a transition metal 
complex thus requires both a linear coordi- 
nation environment and a sufficiently weak 
ligand field strength to allow for non-Aufbau 
electron filling. 


RESULTS: The strongly reducing nature of 
the carbanion ligand hinders isolation of di- 
alkyl cobalt(II complexes. However, reducing 
the basicity of the central carbanion through the 
use of electron-withdrawing aryloxide groups 
allowed for the synthesis of the dialkyl cobalt(II) 
complex Co(C(SiMe,ONaph)3)2, where Naph 

is a naphthyl group. Ab 
initio calculations on this 
Read the full article complex predict a ground 
at http://dx.doi. state with S = °/, L = 3, 
org/10.1126/ and J = °/y arising from 
science.aat7319 the non-Aufbau electron 
Aacrapeieee eens configuration (dy dn)? 
(dex, dyz)°(dz2)'. Much as for lanthanide 
complexes, the ligand field is sufficiently weak 
that interelectron repulsion and spin-orbit 
coupling play the key roles in determining 
the electronic ground state. dc magnetic sus- 
ceptibility measurements reveal a well-isolated 
M, = +°/5 ground state, and simulations of the 
magnetic data from the calculations are in 
good agreement with the experimental data. 
Variable-field far-infrared (FIR) spectroscopy 
shows a magnetically active excited state at 
450 cm’ that, in combination with calcula- 
tions and variable-temperature ac magnetic 
susceptibility experiments, is assigned to the 
M, = +"/s state. Modeling of experimental 
charge density maps also suggests a d-orbital 
filling with equally occupied (dz2_y2, dy), 
and (d,,, dy) orbital sets. As a consequence 
of its large orbital angular momentum, the 
molecule exhibits slow magnetic relaxation 
and, in a magnetically dilute sample, a coer- 
cive field of 600 Oe at 1.8 K. 


CONCLUSION: Isolation of Co(C(SiMe,ONaph)s). 
illustrates how an extreme coordination en- 
vironment can confer an f-element-like elec- 
tronic structure on a transition metal complex. 
The non-Aufbau ground state enables real- 
ization of maximal orbital angular momen- 
tum and magnetic anisotropy near the physical 
limit for a 3d metal. In this respect, the linear L- 
Co-L motif may prove useful in the design of 
new materials with high magnetic coercivity. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: jrlong@berkeley.edu 
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MOLECULAR MAGNETS 


A linear cobalt(II) complex with 
maximal orbital angular momentum 
from a non-Aufbau ground state 


Philip C. Bunting’, Mihail Atanasov™*, Emil Damgaard-Moller*, Mauro Perfetti’, 
Iris Crassee®, Milan Orlita®’, Jacob Overgaard*, Joris van Slageren’, 


Frank Neese”, Jeffrey R. Long?®9* 


Orbital angular momentum is a prerequisite for magnetic anisotropy, although in transition 
metal complexes it is typically quenched by the ligand field. By reducing the basicity of 

the carbon donor atoms in a pair of alkyl ligands, we synthesized a cobalt(II) dialkyl complex, 
Co(C(SiMezONaph)3)2 (where Me is methyl and Naph is a naphthyl group), wherein the 
ligand field is sufficiently weak that interelectron repulsion and spin-orbit coupling play a 
dominant role in determining the electronic ground state. Assignment of a non-Aufbau 
(dy2_yz, dyy)2(dyzs dyz)*(d,z)" electron configuration is supported by dc magnetic susceptibility 
data, experimental charge density maps, and ab initio calculations. Variable-field far-infrared 
spectroscopy and ac magnetic susceptibility measurements further reveal slow magnetic 
relaxation via a 450-wave number magnetic excited state. 


ll materials exhibiting a large magnetic 

anisotropy have nonzero orbital angular 

momentum Z arising from an electronic 

structure of partially filled (but not half- 

filled) energetically degenerate orbitals. In 
trivalent lanthanide ions, the valence 4 orbitals 
are well-shielded and interact little with their 
coordination environment, allowing for a non- 
zero L that couples with the total spin S to give 
rise to a total angular momentum J of |Z — S| < 
J < |L + S| and potentially a large magnetic an- 
isotropy. In the case of transition metals, how- 
ever, the ligand field typically removes any orbital 
degeneracy, leading to quenching of the orbital 
angular momentum (Z = 0) and an appropriate 
description of the ground state in terms of S only. 
When magnetic anisotropy is present in such 
complexes, it is generally a weak effect that 
arises from mixing of electronic ground and 
excited states induced by spin-orbit coupling. 
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Creating unquenched orbital angular momen- 
tum in molecular transition metal-based systems 
requires an unusually weak ligand field and/or 
two or more orbitals that are nearly degener- 
ate. In this context, perhaps the simplest exper- 
imental system is a one-coordinate cobalt atom: 
individual cobalt atoms on a MgO surface (re- 
ferred to as adatoms) were recently shown by 
scanning probe microscopy to have a. J = °/. (L = 
3, S = 3/5) ground state and exhibit near-maximal 
magnetic anisotropy in a half-integer spin 3d 
system (1). 

In the regime of molecules, complexes with 
linearly coordinated transition metal ions have 
garnered interest of late because they are en- 
ergetically unaffected by Jahn-Teller distortions, 
allowing for the possibility of virtually unquenched 
orbital angular momentum (2). Analogously to 
lanthanide complexes, such transition metal sys- 
tems with nonzero L are best described by a total 
angular momentum J, which is split by spin-orbit 
coupling and the ligand field into 27 + 1M, 
states (where Mis the projection of J along the 
magnetic axis). Two transition metal complexes 
that have been described by using this formal- 
ism are the iron(II) complex Fe(C(SiMes)3)o 
(where Me is methyl) and the iron(I) complex 
[Fe(C(SiMes)3)o] (3, 4). Both complexes have 
ground states with L = 2 due to electronic con- 
figurations that place three electrons in the de- 
generate orbital pair d,»,,2 and d,,, which arise 
from linear combinations of the d orbitals with 
magnetic quantum number m, = +2. A notable 
consequence of these electronic structures is that 
both complexes exhibit relatively large energy 
separations between their ground and first excited 
M, states, making them prone to single-molecule 
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magnet behavior (5). ac magnetic susceptibility 
data revealed that both molecules exhibit slow 
magnetic relaxation (the former complex under 
an applied dc field and the latter in zero applied 
field) with effective spin-reversal barriers (Uz¢;) 
of 178 and 246 cm“, respectively (6)—values close 
to the calculated energy separations between 
their ground and first excited MM; states (7, 8). 

At first glance it may seem impossible to in- 
crease orbital angular momentum for a tran- 
sition metal complex beyond L = 2. An L = 3 
ground state requires two sets of degenerate 
orbitals, (dz2.y2, dy) (m; = +2) and (d,,, dy) 
(m; = +1), with an odd number of electrons in 
each. The Aufbau principle describes the man- 
ner in which electrons fill orbitals, typically from 
lowest to highest energy. A more rigorous con- 
sideration of electronic structure accounts for 
three main effects: ligand field stabilization, in- 
terelectron repulsion, and spin-orbit coupling. 
Ligand field effects typically dominate when 
considering transition metal complexes. When 
the ligand field stabilization and interelectron 
repulsion energies are similar in transition metal 
complexes, high-spin electronic configurations 
arise. For example, placing three electrons in 
the orbitals (dj2y2, dzy)(dz2, dyz) could give the 
low-spin configuration (dyo..2, daxy)*(dax Ayz)° if 
the energy separation between orbital pairs is 
larger than the electron pairing energy, or the 
high-spin configuration (d,».,2, Ary) (Gass dyz)" if 
the orbital pairs are relatively close in energy. 
For six electrons, the expected Aufbau filling of 
these orbitals is (p22, di) *(dox) Aye)”, and as 
the sixth electron must be paired in either orbital 
pair, there is no reason to assume there would be 
any stabilization from the non-Aufbau config- 
uration, (dy242, dry) *(dazy dye)”. 

Calculations on the hypothetical complex 
Co(C(SiMes)3)2 show a ground state with L = 3, 
which arises from a non-Aufbau 3d-orbital filling 
Of (dy2-y2 Ary) (dx dyz)°(d.)', and further pre- 
dict a splitting between ground and first excited 
M; states of 454 cm’ (9). Efforts to synthesize 
this molecule both by our laboratory and by 
others (J0) were unsuccessful. Moreover, al- 
though nearly 70 two-coordinate, paramagnetic 
transition metal complexes have been synthe- 
sized (17), the only such compounds with alkyl 
ligands are of the type [M(C(SiMes)s)s]°", where 
M is Fe(II) (72), Fe(1) (4), MndD (73), and Mn(1) 
(14). Several approximately linear cobalt(II) 
complexes have been studied, however, and 
one such molecule, (s[Pr)CoNDmp (where sIPr 
is an N-heterocyclic carbene and NDmp is an 
arylimido ligand), has a spin-reversal barrier of 
413 cm’, more than 1.5 times that measured 
for [Fe'(C(SiMes)3)o] , despite both molecules 
having the same total angular momentum of 
J = "/y (15). Correspondingly, the increase in 
magnetic anisotropy for the Co(II) complex must 
arise from an increase in the spin-orbit coupling 
constant, a value which trends with effective 
nuclear charge. In another example, bent [OCoO]” 
anions inserted into the channels of an apatite- 
type structure were shown to have a spin-reversal 
barrier of 387 cm (16). A semi-empirical model 
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based on ligand field parameterization predicted 
that such a barrier could arise from a J = °/5 
ground state, with increasing mixing of M, states 
(and a concomitant diminishing of the barrier 
height) arising as the [OCoO] anion becomes 
increasingly bent. In the extreme case of the 
cobalt adatoms mentioned above, a separation 
of 468 cm’ was determined for the separation 
between M, = °/, and 7/s states (1). 

Our motivations to isolate a dialkyl cobalt(II) 
complex were thus twofold: First, the proposed 
electronic structure violates the Aufbau princi- 
ple and is analogous to what is commonly seen 
for lanthanides; second, realizing maximal or- 
bital angular momentum should afford a very 
large magnetic anisotropy, a property that has 
important applications in the study of magnet- 
ism. Here, we present the synthesis and char- 
acterization of such a dialkyl cobalt(II) complex 
and confirm the proposed J = °/, ground state 
through direct electronic and spectroscopic mea- 
surements, ab initio modeling, and magnetic sus- 
ceptibility measurements. The energy separation 
between the M; = +°/. and +’/, states leads to 
slow magnetic relaxation at temperatures as 
high as 70 K and low-temperature magnetic 
hysteresis. 


Synthesis and structure of a linear 
cobalt dialkyl complex 


Our attempts to synthesize Co(C(SiMes)3). from 
metathesis reactions of [C(SiMes)3] salts and 
CoX, (X = Cl, Br, or I) gave only intractable 
amorphous black solids. Similar reactivity with 
[C(SiMes;)3] was reported previously, but af- 
ter switching to [C(SiMe.Ph)3] (where Ph is 
phenyl), we found it possible to isolate the dimer 
[Co(C(SiMePh)3)]o, a product formed by the in situ 
reduction of cobalt(II) (J0). Thus, at least one 
challenge in isolating a dialkyl cobalt(II) com- 
plex is the strongly reducing nature of the 
carbanion. Others have shown that substitut- 
ing electron-withdrawing alkoxides onto each 
silyl group substantially reduces the basicity 
and electron density of the carbanion (/7, 18). 
In an initial pursuit of this approach, we found 
that [C(SiMe.OPh)s3] did support a dialkyl 
cobalt(II) complex, Co(C(SiMe,OPh)3)o, but 
long-range Co-:-O interactions led to a subs- 
tantially bent C-Co-C axis (fig. S1). We next 
synthesized a number of [C(SiMe.OR)3] deriv- 
atives (R = various alkyl or substituted phenyl 
groups) by following the general reaction scheme 
outlined in Fig. 1A. Smaller substituents did not 
readily yield isolable products, and larger sub- 
stituents supported only dinuclear complexes 
of the type (R3CCo)(u-X)s (where X is a halide), 
similar to the structure of ((PhMe,Si)sCZn).(u-Cl)2 
(79). In an effort to reduce the nucleophilicity of 
the oxygen atom, we also tried using electron- 
withdrawing substituents such as perfluorophenyl 
but found these ligands to be susceptible to 
Si-O cleavage, a challenge also encountered in 
trying to metalate other HC(SiMe,OR)3 com- 
plexes with MeLi (20). Ultimately, we determined 
that only the naphthol (R = Naph = CjoH7,) de- 
rivative yielded the requisite linear geometry. 
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The reaction of two equivalents of KC 
(SiMe,ONaph) with CoBr, in tetrahydrofuran (THF) 
at 60°C affords a green solution. After removal 
of the solvent in vacuo and redissolution into hex- 
anes, dark red crystals of Co(C(SiMe,ONaph)s)2 
(1) emerged from the green solution over the 
course of several days at room temperature. 
Crystallization at -30°C formed green crystals 
that were not suitable for x-ray diffraction, but 
elemental analysis of the thoroughly dried crys- 
tals suggested the isolation of the solvated 
complex, Co(C(SiMe,ONaph).;)o(THF). Compound 
1 is insoluble in common organic solvents, and 
exposure to THF led to the formation of a green 
solution that is likely the aforementioned solvated 
complex. The zinc congener, Zn(C(SiMe,ONaph)3). 
(2), was obtained from the reaction of KC 
(SiMe,ONaph) and ZnBr, in Et,O (Et = ethyl). 
After removal of KBr by filtration, colorless 
crystals of 2 grew from the Et,O solution over 
the course of several days. Using the same re- 
action conditions with a mixture of ZnBr, and 
CoBr.(THF) further enabled the preparation 
of a magnetically dilute sample, Coo 92ZNo.98 
(C(SiMe2ONaph)s)> (3). 

Single-crystal x-ray diffraction analysis revealed 
compounds 1 and 2 to be isostructural, crystalliz- 
ing in space group R-3 (no. 148) and featuring a 


3 


linear C-M-C axis imposed by the S, site sym- 
metry (Fig. 1, B and C). The Co-C and Zn-C 
interatomic distances of 2.066(2) and 1.995(3) A, 
respectively, are similar to the Fe-C separation 
of 2.0505(14) A in Fe(C(SiMe3)3). (2) and the Zn- 
C separation of 1.982(2) A in Zn(C(SiMes3)3)s (21). 
In addition, the Co---O distance of 3.1051(11) A 
and the Zn-:-O distance of 3.1240(16) A are 
substantially longer than the sum of cobalt or 
zinc and oxygen ionic radii (~2.2 A), suggesting 
minimal interactions. Instead, the staggered ori- 
entation of the ligands facilitates close sp°-CH---1 
and sp*-CH:--7 contacts of 2.692 and 2.822 A, 
respectively (fig. S3), which are in the range of 
weak CH-n interactions (22). This suggests that 
interligand interactions may help stabilize 1, 
consistent with reports of dispersion forces sta- 
bilizing other two-coordinate complexes (23). 


Electronic structure calculations 


Ab initio calculations performed on 1 by using 
the crystal structure geometry reveal that the 
“F free-ion state is split by the linear ligand 
field into three doubly-degenerate states, *®, 
“TT, and *A, and one nondegenerate state, oe 
(here we employ C.., point group notation). Be- 
cause of the weak ligand field, the seven states 
of *F parentage are split by less than 3000 cm™! 


i 
\! cl mae | oO 
ROH, NEt, Si 
ee cal 
“at ° oa ol 
si, R~ si SC 
cl | (oR 


1/2 MBr, 


——> KC(SiMe,ONaph), ———— _M(C(SiMe,ONaph),), 


M = Co (1), Zn (2) 


Fig. 1. Synthesis and structure of linear Co and Zn dialkyl complexes. (A) General synthetic 
scheme for ligands of the type HC(SiMe2OR)3 and synthesis of compounds 1 and 2. (B) Molecular 
structure of Co(C(SiMezONaph)3)>o (1). Purple, gray, turquoise, red, and yellow spheres represent Co, 
C, Si, O, and H atoms, respectively. Most hydrogen atoms have been omitted for clarity. Hydrogen 
atoms are shown on three carbons to illustrate the location of the CH-n interactions. (©) Molecular 
structure of Co(C(SiMe20Naph)3)2 viewed along the molecular z axis. 
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(accounting also for interelectron repulsion en- 
ergy). This splitting is small even relative to that 
of other two-coordinate complexes; for example, 
the °D and “F free-ion states of Fe(C(SiMes)3)o 
and [Fe(C(SiMe3)3)o] are split by 5000 and 
6000 cm’, respectively (3, 4, 7). Excitations 
from the “® ground state of 1 to the *Z(*P) and 
“TI(‘P) states were calculated to be spectroscop- 
ically accessible at 13,537 and 18,864 cm™’ and 
are observed in the ultraviolet-visible (UV-vis) dif- 
fuse reflectance spectrum at 12,000 and 15,000 em 
(fig. S4). The splitting of the “® ground state 
due to spin-orbit coupling results in four sets 
of Kramers doublets, best described by M; = +°/., 
£"/o, +°/o, and +°/», in order of increasing energy. 
The total splitting of “@ is 1469 cm™!, whereas 
the calculated separation between just M; = +°/5 
and M, = +"/. is 476 cm. Additional calcu- 
lations performed on a truncated model molecule 
show that inclusion of the carbon o-bonding 
electrons in the complete active space has only a 
very minor effect (less than 3%) on the energies 
of both the nonrelativistic and relativistic states 
(tables S10 and S11). 

Ligand field analysis of the calculations re- 
vealed the “® ground state to have the 3d-orbital 
filling (d,2.,2, dn)’ (Ares d,.)°(d.2)" (Fig. 2A), which 
deviates from the expected Aufbau orbital filling 
of (Ay22, Gey) (daz, dyz)’(de2)' CZ”) and can be 
explained by considering the competing effects 
of ligand-field stabilization and interelectron 
repulsion. In general, interelectronic repulsion 
is strongest for two electrons occupying the 
same orbital (necessarily with opposite spin). 
Two electrons with opposite spin in different 
orbitals alternatively experience medium-strong 
electron-electron repulsion, whereas two electrons 
with parallel spin (necessarily in different or- 
bitals) repel each other least strongly, owing to 
the presence of the Fermi hole. Typically, only 
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the electron-pairing energy component of in- 
terelectron repulsion is important for transi- 
tion metal complexes, and whether a complex 
is high or low spin is determined by considering 
whether the ligand field strength is small or large 
compared with the pairing energy. In the case of 
1, the ligand field strength is so small that not 
only does the molecule display a high-spin state, 
but it also maximizes its orbital angular mo- 
mentum in keeping with the Hund rule for free 
atoms and ions, thus leading to a non-Aufbau 
ground state configuration. Clearly, the (dy2.,2, 
Aey)(dazy dyz)°(d.2)' configuration minimizes 
electron-electron repulsion relative to the alter- 
native (dy212 dry)*(dax yz) (d,2)' configuration 
that features an electronically crowded (d22-,2, 
dy)" subshell. This stabilization is also reflected 
in the total orbital angular momentum of the 
ground state that is an approximately good 
quantum number in this system. Nonrelativistic 
ligand field calculations without interelectron 
repulsion show the expected ground state of 
*y> (with L = 0). By using ligand field param- 
eters from ab initio n-electron valence perturba- 
tion theory to second order (NEVPT2) calculations 
and ligand field expressions for the S = °/, states 
under linear symmetry with interelectron re- 
pulsion, the high orbital angular momentum 
*® state (with L = 3) is stabilized by 1300 cm 
relative to the *Z state (Fig. 2B and table S9). 
Spin-orbit coupling further stabilizes the M; = °/y 
component of the *@ ground state by 788 cm”. 

This situation is completely distinct from that 
of established complexes with stronger ligand 
fields that can sometimes have electronic ground 
states with substantial contributions from non- 
Aufbau configurations. For example, the iron(II) 
metallophthalocyanine complex (FePc) has a 
ground state with nearly equal contributions 
from Aufbau and non-Aufbau configurations, 


(i) i) iii), (iv) 
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Fig. 2. Electronic structure analysis. (A) Energy diagram depicting the energy and electron 
occupations of the 3d orbitals on the basis of ligand field analysis of ab initio calculations. 

(B) Electronic structure of (i) a free Co(II) ion, (ii) Co(C(SiMe2z0Naph)3)2 (1) considering only ligand 
field interactions, (iii) Co(C(SiMe2z0Naph)3)2 considering both ligand field interactions and interelec- 
tron repulsion, and (iv) the splitting of the ground “@ state of Co(C(SiMe2ONaph)s)2 because of 
spin-orbit coupling according to ab initio calculations. Term symbols are for Cy symmetry. The 
splitting between the ground M, = 2/2 and maximal excited M, = 3/5 states is 1469 cmt. 
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wherein the non-Aufbau component arises from 
an accidental orbital near-degeneracy (24). The 
essential difference between complex 1 and FePc, 
however, is in ligand field strength, with the two 
molecules calculated to exhibit total d-orbital 
splittings of 6000 and 165,000 cm“! (24), re- 
spectively. With the focus on the orbitals that 
give rise to the non-Aufbau states, the (d,2.,2, 
dy) and (d,,, dy) orbital pairs are separated 
by 2900 cm in 1, whereas for FePc the (dy, dyz) 
orbital pair and d,»2 orbital are separated by 
19,000 cm“ (24). Our calculations show that 
interelectron repulsion in 1 easily overwhelms 
the ligand field stabilization energy associated 
with the Aufbau configuration, destabilizing 
the *Z°(*P) state by 12,000 cm‘! relative to the 
“® state. No similar calculations appear to have 
been reported for FePc, but it is clear that it 
would be impossible to observe a pure non- 
Aufbau ground state as long as the ligand field 
stabilization energy is of the same magnitude 
as interelectron repulsion. Once the ligand field 
requirement for a non-Aufbau ground state is 
met, it is also possible to observe maximal orbital 
angular momentum. The maximal orbital angu- 
lar momentum of L = 3 for transition metals 
requires degenerate (dy2y2, d,,) and (dy, dyz) 
orbital pairs, and thus the molecule should also 
be linear to avoid Jahn-Teller distortions. 

The ligand field analysis elucidates another 
challenge in isolating a dialkyl cobalt complex: 
Namely, the ligand field stabilization energy sug- 
gests that metal-ligand bond formation provides 
only a minor stabilizing effect of 4.8 kcal/mol 
(1700 cm™’). This result is perhaps intuitively 
understood by considering that the formal Co-C 
bond order is approximately one-half, because 
the (d,,, dy) orbitals have slight n-antibonding 
character and are destabilized primarily by elec- 
trostatic interactions. It is not until we consider 
transmetallic dispersion and electrostatic (CH---1) 
forces that 1 appears to be stable. 


Charge density determination 


The molecular charge density (CD) of 1 was ob- 
tained from multipolar refinement of single- 
crystal x-ray diffraction data measured at 20 K 
by using synchrotron radiation. A small amount 
of disorder (~6%) is present in the structure 
because of flipping of the naphthalene groups 
(also involving the O and Si atoms); however, 
a detailed description of this disorder was 
possible and allowed us to extract quantitative 
information pertinent to the magnetic proper- 
ties (see methods for a detailed description of 
the experimental procedure). 

The experimental temperature of 20 K is 
low enough that the CD represents primarily 
the electronic properties of the relativistic ground 
state. We used an atom-centered multipole for- 
malism to describe the CD, and thus a complete 
set of spherical harmonic functions for each 
atom was used to quantify the deviations from 
a spherical density distribution. The use of this 
formalism enables estimation of 3d-orbital pop- 
ulations on the central cobalt atom, under the 
assumption that the density around the metal 
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originates solely from the atom itself (i.e., that 
no substantial covalent bonding occurs). The 
parameterized CD also enables an analysis in 
the framework of quantum theory of atoms in 
molecules (QTAIM) (25) and estimates of atomic 
charges and the strength of chemical bonding. 
With the local coordination axes defined such 
that the Co-C direction is along the z axis, the 
electron density of the cobalt valence shell is 
distributed in the following manner: 42.8% is 
in the (d,».,2) orbitals, 41.2% is in the (d;,, dy) 
orbitals, and 16.0% is in the d,» orbital. Further- 
more, the same distribution of electrons in the 
cobalt 3d orbitals was obtained regardless of 
the manner in which the naphthalene disorder 
was treated. 


Variable-field far-infrared spectroscopy 


We sought to confirm experimentally the mag- 
nitude of the separation between the ground 
and first excited magnetic states in 1 by using 
variable-field far-infrared (FIR) spectroscopy 
(26, 27). Although such energy separations 
are more commonly determined by fitting 
low-temperature magnetization data or high- 
temperature magnetic relaxation data, these 
approaches give values that are sensitive to 
fitting procedures and provide only an indirect 
measure of the representative ground-to-excited- 
state energy separation. Additionally, given the 
calculated energy splitting of 476 cm™ for the 
lowest M, states, de susceptibility measurements 
would provide limited information on the posi- 
tion of excited states, as the Boltzmann popula- 
tion of the ground state doublet is still 90% at 
300 K. Thus, not only is spectroscopy a more 
direct measurement, but in this case, it is also 
necessary to gain information on the excited 
states. Transmission spectra in the 30- to 600-cm™* 
energy range were collected at a temperature 
of 4.2 K under applied fields ranging from 0 to 
ll T (Fig. 3A). Although absorption bands as- 
sociated with magnetic dipole transitions are 
usually substantially weaker than those of elec- 
tronic dipole transitions, a pronounced field 
dependence is immediately evident in the data 
upon dividing the applied-field spectra by the 
zero-field spectrum (Fig. 3B). The only peak 
visible in this energy range is at 450 cm™ and 
is attributable to the transition from M; = +°/5 
to +”/s, in good agreement with the calculated 
separation of 476 cm‘. A steadily increasing 
blue shift of the infrared (IR) absorption maxi- 
mum is observed with increasing applied fields 
(fig. S5) and is in good agreement with a sim- 
ulation of the spectral envelope magnetic dipole 
M;, = +°/» to +”/ transitions (fig. S6). In addi- 
tion to the blue shift, there is a concomitant 
decrease in absorption intensity and peak 
broadening with increasing field, giving rise to 
the derivative shape observed in Fig. 3B. 


Magnetic properties 


Variable-temperature dc magnetic susceptibil- 
ity data for 1 are shown in Fig. 4A. The gradual 
decrease in the product of the molar magnetic 
susceptibility and temperature (7,7) with de- 
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Fig. 3. Variable-field FIR spectroscopy. 

(A) Absolute transmission spectra for 1 collected 
at 4.2 K under applied fields ranging from O to 

11 T. Phonon energies used in Eq. 2 to describe 
magnetic relaxation are marked with arrows. 

(B) Plots of applied-field spectra (Tg) divided by the 
zero-field spectrum (To), where B is the applied 
field. The peak at 450 cm corresponds to the 
transition from M, = 2/2 to My = 7/>. The spectra 
have been vertically offset for clarity. 


creasing temperature is indicative of magnetic 
anisotropy, whereas the strong field dependence 
at low temperature arises from an increased 
Zeeman splitting at higher fields. The room 
temperature y,7 value of 4.89 cm® K mol? is 
consistent with a well-isolated M; = °/. ground 
state (the theoretical y7 value for an isotropic 
J = °/, ion is 5.47 cm? K mol”}), and reduced 
magnetization plots (Fig. 4B) show a saturation 
magnetization of 3.00 bohr magnetons (1g). The 
simulated yy,7 and reduced magnetization data 
from ab initio calculations (solid lines, Fig. 4) 
are in close agreement with the experimental 
data, further corroborating the well-isolated M/, = 
°/) ground state. 

ac susceptometry was used to probe magnetic 
relaxation in the range from 10~* to 10' s (10* to 
10‘ Hz). By fitting the in-phase (x’) and out-of- 
phase (y”) susceptibility (figs. S8 to S11) to a 
generalized Debye model, we obtained relax- 
ation times for 1, as shown in the Arrhenius 
plot in Fig. 5A. The temperature dependence of 
the magnetic relaxation time (t) in molecules 
exhibiting slow magnetic relaxation is typically 
described by the expression 


= A, 
1+ A,H? 
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where the four terms represent quantum- 
tunneling, direct, Raman, and Orbach relaxation 
processes, respectively (28-30). However, we were 
unable to fit the relaxation data for 1 to the total 
sum of these processes. An alternative model 
for through-barrier relaxation has recently been 
proposed, wherein specific phonon modes may 
facilitate relaxation through direct doublet tran- 
sitions (37, 32). Building on the results of Lunghi 
and co-workers, we derived the expression 


1 -1 4 Ee seat 
T= Tone 4 a h nen) | 
to exp(—U/keT) 


where the first term represents quantum tunneling 
and the last term represents Orbach relaxation. 
The second term represents relaxation through 
the o-th phonon mode, V represents spin-phonon 
coupling, A is the phonon linewidth, n is the 
phonon occupation number, o is the phonon fre- 
quency, and / is Planck’s constant. Both A and 
n are dependent on both temperature and o. 
Values for U and w are taken from the variable- 
field FIR data, whereas trynne, V; and to are fit 
parameters (see eqs. S1 to S4: for details). From 
this equation, we were able to obtain reason- 
able fits (SE of the estimate = 0.17 and 0.21 for 
1 and 38, respectively) to the relaxation data in 
Fig. 5A. 

To further examine the effect of any tunnel- 
ing relaxation process, we collected data under 
a 3000-Oe field. The lack of a temperature- 
independent region at low temperature under 
zero and applied field indicates that molecular 
quantum tunneling is not a dominant relaxa- 
tion pathway above 4 K; however, the observed 
increase in relaxation times upon application of 
a dc field (Fig. 5A) demonstrates that it is a 
contributing factor. To some extent, the tunnel- 
ing relaxation rate can be slowed through mag- 
netic dilution (33), and a magnetically dilute 
sample prepared with a 1:49 ratio of cobalt 
to zinc (3) exhibits lower relaxation rates than 
1 under zero field. The lack of a linear temper- 
ature dependence at the highest temperatures 
indicates that two-phonon Orbach relaxation 
(involving excitation to and relaxation from a 
real excited state) is not yet dominant at 70 K. 
By using the value of U = 450 cm” obtained from 
FIR spectroscopy, however, we determined an 
upper bound for to of 1.79 x 10°° s, which is a 
reasonable value for a single-molecule magnet (5). 

The low-temperature relaxation dynamics of 
1 and 3 were also probed by using dc relaxation 
and magnetization experiments (Fig. 5B). The 
tunneling and direct relaxation terms intro- 
duced above were used in fits of the variable- 
field relaxation data and are discussed in detail 
in the methods. The relaxation times extracted 
at 1.8 K and zero applied field are 16.4 + 0.7 
and 48.2 + 4.7 s for 1 and 3, respectively, and 
these values slow to 221 and 660 s at 1.8 K under 
a 1500-Oe applied field. These relaxation times 
suggest that magnetic hysteresis should be ap- 
parent in variable-field magnetization data, and 
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1 and 3 show waist-restricted hysteresis loops 
between -0.7 and 0.7 T up to 5 K. A sudden 
decline in the magnetization as the field ap- 
proaches zero can be ascribed to rapid relaxa- 
tion induced by tunneling of the magnetization 
(Fig. 5, C and D), and this decline results in 
small values of the remnant magnetization for 
1 (0.08 ug) and 3 (0.28 ug) at 1.8 K that diminish 
to near zero at higher temperatures. Despite the 
relatively fast relaxation at zero field, 1 has a 
coercive field H, of 180 Oe at 1.8 K, as measured 
with a field sweep rate of 32 Oe/s. Under the 
same conditions, the magnetically dilute sam- 
ple, 3, exhibits H, = 600 Oe. 


Outlook 


These results have clear implications for tech- 
nologies that require a large magnetic anisotropy. 
For a magnetic bit to retain its magnetization 
for information storage, the magnetic anisotropy 
energy must be substantially greater than the 
thermal energy. For the cobalt adatom on MgO, 
the separation between the ground (M; = +°/s) 
and first excited (IM, = +"/.) states was deter- 
mined to be 468 cm", and it was suggested that 
this value was near a physical limit for magnetic 
anisotropy for 3d transition metals. This limit 
can be quantified by using the phenomenological 
spin-orbit coupling Hamiltonian, Hs9c = ALS = 
(5/2g)>-;1iSi, where 2 is the effective spin-orbit 
coupling constant, ¢ is the atomic spin-orbit 
coupling constant, and L = >j]; and S = &,s; are 
the operators for the orbital and spin-angular 
momenta, respectively (the index i sums over 
individual electrons). In systems with a doubly 
degenerate ground state, the energies (£) of 
the M; states (where M, = Ms + Mz) are given 
by E(M;) = (§/2s)M_Msz; the separation be- 
tween lowest and highest M/; states is equal to 
Lt, and the separation between adjacent states 
is (“/os)¢. Thus, the actual limit for the energy 
separation between ground and first excited 
states would be found in a system with L = 3 
and S = 1. However, in order to maximize relaxa- 
tion times, it is advantageous to use half-integer 
spin systems, as the crystal field cannot couple 
the two components of the lowest doublet and 
the tunneling relaxation pathway is therefore 
suppressed (34). The maximal total angular 
momentum for a transition metal with half- 
integer spin is J = °/o, exhibited by both the 
cobalt adatom and compound 1. The magnetic 
M, states of 1 span a substantial calculated 
energy range of 1469 cm“’, and the separation 
between the ground (M, = +°/.) and first ex- 
cited (M, = +”/.) states alone is 450 cm”. Within 
a rigorously linear geometry, it may be possible 
to further increase the magnetic anisotropy by 
changing the nature of the Co-L bond (L = ligand) 
and by increasing the spin-orbit coupling constant. 
However, at present the barrier of Us = 450 cm 
determined here for 1 is the largest measured to 
date for any transition metal single-molecule 
magnet, with the second largest being Uses, = 
413 cm‘? from the aforementioned (sIPr)CoNDmp 
complex (15). Given the similarity between the 
cobalt adatom and 1, it is possible that this 
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Fig. 4. Magnetic susceptibility and reduced 
magnetization analysis. (A) Variable-temperature 
molar magnetic susceptibility times temperature 
(xm!) for 1 collected under dc fields (H) of 0.1, 1, 
and 7 T. Solid lines are simulated data from 

ab initio calculations. (B) Reduced magnetization 
data for 1 collected at temperatures from 2 to 15 K 
under dc fields of 1, 4, and 7 T. Solid lines are 
simulated data from ab initio calculations. 


value is near the physical limit. Our calcula- 
tions for the Co adatom on MgO indicate that 
the *(*F) ground state is also well isolated in 
this system, suggesting that spin-orbit coupling 
is also the dominant factor determining the 
energies of the M; states (table S13). Although 
information storage will certainly require longer 
zero-field relaxation times than observed here, 
magnetic relaxation times can be substantially 
affected by the molecular environment, as has been 
observed for terbium(IID) bis(phthalocyaninato) 
molecules in bulk solids (35) and on a variety of 
surfaces (36-41). A comparison of the relaxation 
times of the cobalt adatom on MgO and those 
of compound 1 indicates that such an environ- 
mental effect is at play. The two cobalt centers 
have similar electronic structures, yet the relaxa- 
tion time for the adatom at 0.6 K is on the order 
of 10~* s, whereas a much longer relaxation time 
on the order of 10' s is observed for 1 at 1.8 K. 
Beyond the implications for molecular mag- 
netism, an intriguing potential use of the linear 
L-Co"-L moiety is in the pursuit of lanthanide- 
free bulk magnets. Generally speaking, orbital 
angular momentum and spin-orbit coupling tie 
the magnetic moment to the lattice (42). In bulk 
magnetism, orbital angular momentum is re- 
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sponsible for magnetocrystalline anisotropy, the 
main determinant of magnetic coercivity, which 
is why the strongest magnets, such as NdoFe,,B 
and SmCo,, feature lanthanide ions with un- 
quenched orbital angular momentum. Our re- 
sults show how linearly coordinated transition 
metal ions could provide a similar effect. For 
example, the extended solid Li,(Li,.,.Fe,,)N fea- 
tures linear iron(1) centers similar to those in 
[Fe(C(SiMes3)3)2], and in high concentration 
(@ = 0.28), this material displays a large co- 
ercivity (H, = 11.6 T at 2 K) (43). The magnetic 
anisotropy of compound 1 is nearly twice as 
large as that of [Fe(C(SiMe;)3).], and incorpora- 
tion of the L-Co"-L moiety in an extended solid 
could therefore in principle lead to permanent 
magnets with an even greater coercivity. 


Materials and methods 
General considerations 


Unless otherwise noted, all manipulations were 
carried out using standard air-free Schlenk line 
and glove box techniques under an argon at- 
mosphere. Reagents were purchased from com- 
mercial vendors. Anhydrous CoBrz and ZnBro 
were used as received, whereas 1-naphthol was 
sublimed and triethylamine (NEt;) was dried 
over KOH and distilled prior to use. HC(SiMe.Cl)3 
(7) and MeK (44) were prepared according to 
literature procedures. Solvents were dried by 
using a commercial solvent purification system 
designed by JC Meyer Solvent Systems. Elemental 
analysis was performed at the Microanalytical 
Laboratory of the University of California, Berkeley. 
Nuclear magnetic resonance (NMR) spectra were 
collected on a 500-MHz Bruker spectrometer; 
chemical shifts are reported in parts per million 
(ppm) referenced to residual protiated solvent. 


Synthesis of HC(SiMe2z0Ph)3 
and HC(SiMez0C,9H7)3 


A 100-ml Schlenk flask containing a stir bar 
was charged with a THF solution (50 ml) of 
HC(SiMe,Cl)s (3.73 g, 12.7 mmol) and NEt; (1.80 ml, 
38.1 mmol). A separate 50-ml Schlenk flask 
was charged with a THF solution (25 ml) of 1- 
naphthol (5.58 g, 38.7 mmol). The 1-naphthol 
solution was added to the reaction flask over the 
course of several minutes with stirring, and a 
white precipitate immediately formed upon ad- 
dition. The reaction mixture was stirred at room 
temperature for 3 hours, after which air-free 
techniques were no longer required. Water (20 ml) 
was added to the reaction flask, and the organic 
layer was collected. The water was extracted with 
3x20 ml Et,O, and the combined organic layers 
were dried with MgSO,. The ether solvent was 
removed under reduced pressure, leaving a 
colorless residue. The residue was washed with 
MeOH (50 ml), and the resulting white solid, 
HC(SiMe,0C,9H7)3 (5.15 g, 66%), was collected 
by filtration. Anal. caled. for C37H4903Sis: C, 72.03; 
H, 6.54. Found: C, 72.04; H, 6.75. ‘H NMR 
(500 MHz, THF-d8): 6 8.33 (3 H, d), 7.83 (3 H, d), 
747 (3H, d), 7.40 (6 H, m), 7.32 (3 H, t), 7.03 (3 H, 
d), 1.39 (1 H, s), 0.63 (18 H, s) ppm. “C NMR 
(500 MHz, THF-d8): 6 151.8, 136.0, 128.9, 128.3, 
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126.7, 126.4, 125.7, 123.4, 122.0, 114.4, 13.1, 2.9, 
2.8 ppm. 

The same method was used to synthesize 
HC(SiMe,OPh)s;, which has been reported pre- 
viously using a different synthetic method (45). 
The identity of HC(SiMe.OPh)3 was confirmed 
by *H NMR spectroscopy. 


Synthesis of (CH30CH2CH20CH3)> 
KC(SiMez0Ph)3 


Solid MeK (0.11 g, 1.9 mmol) was slowly added 
to a stirring solution of 1 (0.91 g, 1.9 mmol) dis- 
solved in Et,O (10 ml) and dimethoxyethane 
(3 ml); bubbles evolved during the course of 
addition. The reaction mixture was then allowed 
to stir for 3 hours, during which time a white 
microcrystalline solid precipitated from solu- 
tion. The solid was collected by filtration and 
dried under vacuum (0.65 g, 0.95 mmol, 49%). 
Anal. calcd. for KC33H;307Sis: C, 57.85; H, 7.80. 
Found: C, 57.83; H, 7.60. ‘H NMR (500 MHz, 
THF-d8): 6 7.15 (6 H, t), 6.91 (6 H, d), 6.83 (3 H, t), 
3.42 (8 H, s), 3.26 (12 H, s), 0.24 (18 H, s) ppm. ?C 
NMR (500 MHz, THF-d8): 6 158.3, 129.7, 122.2, 
121.0, 72.7, 58.9, 16.8, 15.7, 5.2 ppm. 


Synthesis of KC(SiMez0C9H7)3 


HC(SiMe,0CioH,)3 (0.967 g, 1.57 mmol) was dis- 
solved in THF (15 ml). Freshly prepared MeK 
(0.0850 g, 1.57 mmol) was added as a solid to 
the stirring reaction mixture; bubbles evolved 
from the mixture over the course of an hour. 
After 3 hours, the reaction mixture was filtered 
through diatomaceous earth and solvent was re- 
moved under reduced pressure, leaving a sticky 
colorless residue. Hexane was added to precip- 
itate a white solid, KC(SiMe.0C,9H7)3 (1.20 g, 
76%), which was collected by filtration. Anal. 
calcd. for KC37H3903Si3: C, 67.84; H, 6.00. Found: 
C, 67.59; H, 6.31. ‘H NMR (500 MHz, THF-d8): 5 
8.42 (3 H, d), 7.71 (3 H, d), 7.49 (3 H, d), 7.28 (12 H, 
m), 0.38 (18 H, s) ppm. “C NMR (500 MHz, THF- 
d8): 6 154.8, 135.9, 129.7, 127.7, 126.9, 125.6, 124.4, 
124.2, 118.7, 114.5, 16.2, 5.9, 5.8 ppm. 


Synthesis of Co(C(SiMez0Ph)3)> 


Solid CoCl, (18.2 mg, 0.140 mmol) was 
added to a stirring THF solution (10 ml) of 
(CHz,0CH,CH,OCH3).KC(SiMe,OPh); (200. mg, 
0.290 mmol) at room temperature, and then 
the mixture was stirred for 2 hours at 60°C. The 
solvent was removed in vacuo, and the resulting 
blue-green solid was dissolved in hexanes. The 
hexanes solution was stirred at 60°C for 1 hour 
to form a yellow-green solution. The hexanes 
solution was filtered through diatomaceous earth 
and was concentrated in vacuo. Red-brown crys- 
tals of Co(C(SiMe,OPh)3). (0.044 g, 39%) suitable 
for x-ray diffraction grew in 2 hours at -30°C. 
Anal. calcd. for CoCspH¢6SigO¢: C, 60.63; H, 6.72. 
Found: C, 60.98; H, 6.84. 


Synthesis of Co(C(SiMez0C9H7)3)2 (1) 


Solid CoBr, (41.6 mg, 0.190 mmol) was added to 
a stirring THF (8 ml) solution of KC(SiMe,0C, H~)3 
(249 mg, 0.380 mmol) at room temperature. The 
reaction mixture was stirred for 4 hours at 60°C, 
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after which time the solution had turned green. 
The reaction mixture was filtered through dia- 
tomaceous earth, and solvent was removed 
under reduced pressure, leaving a green solid. 
The green solid was dissolved in hexanes (20 ml) 
and filtered to give an emerald green solution, 
from which brown-red crystals of 1 (17.8 mg, 7%) 
suitable for x-ray diffraction grew over the course 
of 3 days. Compound 1 is insoluble in all common 
organic solvents except THF, in which it forms a 
green solution. Anal. calcd. for CoC74H7gO0¢Sig: 
C, 68.85; H, 6.09. Found: C, 68.36; H, 6.03. 

Cooling the green hexanes solution ap- 
pears to favor precipitation of the THF solvate, 
Co(C(SiMe,0C,9H7)3)o(THF). Green crystals not 
suitable for single-crystal x-ray diffraction were 
grown from the green hexanes solution over 
1 day at -30°C, collected by filtration, and 
thoroughly dried in vacuo. Anal. calcd. for 
CoC7gHgg07Sig: C, 68.74; H, 6.36. Found: C, 
68.66; H, 6.52. 


Synthesis of Zn(C(SiMe20Cji9H7)3)2 (2) 


At room temperature, a solution of ZnBr, (35.1 mg, 
0.155 mmol) dissolved in THF (2 ml) was added 
to a solution of KC(SiMe,0C,9H,)3 (206 mg, 
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0.314 mmol) dissolved in THF (8 ml), and the 
mixture was stirred at room temperature for 
12 hours. The reaction mixture was subsequently 
filtered through diatomaceous earth, and the 
THF solvent was removed under reduced pres- 
sure, leaving a white solid. The colorless solid 
was stirred in hexanes (20 ml) and filtered to 
give a pale-yellow solution, from which color- 
less crystals of 1 (36.7 mg, 9%) suitable for x-ray 
diffraction grew over the course of 1 day. Anal. 
calcd. for ZnC;4H7g0¢Sig: C, 68.51; H, 6.06. Found: 
C, 68.14; H, 5.92. 


Synthesis of Coo.92ZNo.98 
(C(SiMe20C9H7)3)2 (3) 

Initially, CoBr2(THF) was prepared by dissolving 
CoBry (6.2 mg, 0.028 mmol) in THF (5 ml) and 
then removing the solvent under reduced pres- 
sure. A suspension of CoBr.(THF) (0.028 mmol) 
and ZnBr, (57.4 mg, 25.5 mmol) was prepared in 
Et,O (4 ml), and this suspension was added to a 
stirring solution of KC(SiMe,0C,9H7)3 (371 mg, 
0.567 mmol) dissolved in Et.O (6 ml). The 
mixture was stirred for 1 hour at room tem- 
perature and then filtered through diatomaceous 
earth. A light pink powder was collected from the 
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Fig. 5. Magnetic relaxation dynamics. (A) Arrhenius plot showing the natural log of relaxation time, 
t, versus inverse temperature for 1 in the absence of an applied de field (black circles), 1 under a 
3000-0e dc field (red circles), and 3 in the absence of an applied dc field (blue circles). Relaxation 
times are determined from fits of ac susceptibility measurements over the temperature range of 4 to 
70 K. The purple and green lines represent fits of the relaxation data for 1 under O and 3000 Oe, 
respectively. (B) dc relaxation and magnetization times for 1 (green circles) and 3 (purple circles). 
The solid lines are from fits describing relaxation via tunneling and direct relaxation processes as 
described in the text and methods. (C) Variable-field magnetization data for 1 collected at temperatures 
ranging from 1.8 to 5 K at a field sweep rate of 32 Oe/s. (D) Variable-field magnetization data for 

3 collected at temperatures ranging from 1.8 to 5 K at a field sweep rate of 32 Oe/s. 
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reaction mixture and the resulting light green 
Et,O filtrate was put in a 20-ml vial. Crystalliza- 
tion tubes were added to the vial to increase the 
amount of crystallization surfaces, and Et,O 
was added to fill the vial. Light pink crystals of 
3 (63.9 mg, 9%) suitable for x-ray diffraction 
grew over the course of 4 days. Successful dilu- 
tion was confirmed by determination of a unit 
cell consistent with pure 1 and 2, and the metal 
composition was determined from comparison 
of molar magnetization data for the pure and 
diluted samples. 


Single-crystal x-ray diffraction 


In an argon-filled glove box, crystals of 
Co(C(SiMe.OPh)s, 1, 2, and 3 were coated in 
Paratone-N oil in individual vials, which were 
then sealed and remained sealed until immedi- 
ately prior to mounting. Crystals were mounted 
on Kaptan loops and cooled under a stream of 
No. Data were collected using a Bruker QUAZAR 
diffractometer equipped with a Bruker MICRO- 
STAR x-ray source of Mo Koa radiation (A = 
0.71073 A) and an APEX-II detector. Raw data 
were integrated and corrected for Lorentz and 
polarization effects by using Bruker Apex3 v. 
2016.5. Absorption corrections were applied by 
using SADABS (46). The space group was de- 
termined by examination of systematic absences, 
analysis of E-statistics, and successive refinement 
of the structure. The crystal structure was solved 
with ShelXT (47) and further refined with SheLXL 
(48) operated in the Olex2 software (49). The 
crystal did not show any substantial decay dur- 
ing data collection. Thermal parameters were 
refined anisotropically for all nonhydrogen atoms. 
Hydrogen atoms were placed in ideal positions 
and refined by using a riding model for all struc- 
tures. A checkCIF report for 1 gave rise to a B-level 
alert regarding the ratio of maximum/minimum 
residual density. The maximum residual density 
for 1 lies in the napthyl ring. In the case of the 
low-temperature synchrotron data used for CD 
modeling, disorder in the naphthyl ring was 
successfully modeled. For the data collected at 
100 K used for the generation of the CIFs for 
1 and 2, we were unable to fully model this dis- 
order; however, it is likely that the same disorder 
is responsible for the relatively large residual 
density. 


UV-vis near-IR diffuse reflectance 


UV-vis near-IR diffuse reflectance spectra were 
collected by using a CARY 5000 spectrophotometer 
interfaced with Varian Win UV software. The 
samples were prepared in a glove box and held in 
a Praying Mantis air-free diffuse reflectance cell. 
Powdered BaCO; was used as a nonabsorbing 
matrix. The spectra were collected in F(R) versus 
wave number, where F(R) is the Kubelka-Munk 
conversion F(R) = (1 - RY’/2R and R is reflectance. 


Magnetometry 


All magnetic measurements were carried out 
by using a Quantum Design MPMS-XL SQUID 
magnetometer, with the exception of those for 
the high-frequency ac magnetic susceptibility 
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data. High-frequency data (up to 10,000 Hz) 
were collected at the Quantum Design facility 
in San Diego, CA, by using a 9T PPMS instru- 
ment equipped with the ACMSII measurement 
option to probe the ac moment at frequencies 
above 1000 Hz. For the measurements using the 
MPMS instrument, polycrystalline samples of 
1 (82.1 mg) and 3 (49.7 mg) were loaded into 
quartz tubes (5 mm i.d., 7 mm o.d.) with a raised 
quartz platform. Solid eicosane was then added 
on top of the samples (32.0 and 61.2, respective- 
ly) to prevent crystallite torqueing and provide 
good thermal contact between the sample and 
the cryogenic bath. The tubes were fitted with 
Teflon sealable adapters, evacuated by using a 
glove box vacuum pump, and sealed under static 
vacuum by using an H,/O, flame. Following 
flame sealing, the solid eicosane was melted 
in a water bath held at 40°C. When not in the 
magnetometer, the sealed samples were stored 
at -30°C. de magnetic susceptibility data were 
collected for each sample from 2 to 300 K under 
dec fields ranging from 0 to 7 T. ac magnetic 
susceptibility data collected by using the MPMS 
instrument were obtained by using a 6-Oe switch- 
ing field; data from the PPMS instrument were 
collected by using a 10-Oe switching field. All 
data were corrected for diamagnetic contribu- 
tions of the eicosane and the individual samples 
by using Pascal’s constants (50). 

The ac susceptibility data were fit by using a 
generalized Debye model, which accounts for 
relaxation time (t), attempt time (70), isothermal 
susceptibility (x7), adiabatic susceptibility (ys), 
and the presence of a distribution of relaxation 
times (a) (57). Data for 1 collected under zero 
applied field and below 7 K exhibited high- 
frequency shoulders in x”, and fits to the data 
yielded very large o values, suggesting that a 
second, faster relaxation process might be oper- 
ating at low temperatures. This second process 
may be related to the disordered molecules in 
the crystal. Data from 4 to 10 K were fit with two 
relaxation processes. Once the minor relaxation 
process moved out of the frequency range of the 
magnetometer (0.1 to 1488 Hz), a one-process fit 
was sufficient. The two fitting procedures gave 
only modestly different t values for the 4 and 5 K 
data. The data for 3 and the applied-field data for 
1 were fit sufficiently well with one process. Data 
collected by using the PPMS instrument (50 to 
70 K, 100 to 10,000 Hz) gave some negative 
values for y' at high frequency. Presumably, this 
result is due to the fact that the PPMS sample 
consisted of less material (6.9 mg of 1, 29.0 mg of 
eicosane) and, especially at high temperatures, 
exhibited a smaller paramagnetic response rela- 
tive to the diamagnetic response. The negative 
values did not affect the extraction of relaxation 
times, however. The method for fitting the rela- 
xation data from 4: to 70 K is given in detail in the 
supplementary materials. 

dc relaxation measurements were imple- 
mented with the hysteresis mode of the MPMS 
magnetometer by using small magnetizing fields 
such that the time to set the field was in the 10- to 
30-s range; measurements were made every ~4 s. 
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We found that the relaxation times had a small 
dependence on the magnetizing field for 1 and a 
larger dependence for 3 (tables S19 and S20); the 
times reported in the main text are averages of 
those times. The relaxation times were deter- 
mined by using a stretched exponential of the 
form M, = Moexp[-(t/t)”], where M, is the mag- 
netization of the first data point measured, once 
the field was set, and 7 is a free variable (52). 

dc magnetization experiments were imple- 
mented by applying a field to a sample at zero 
magnetization and measuring the magnetiza- 
tion until it became constant. Relaxation times 
were determined by using the equation M, = 
Meat — Moar - Mo)exp[-(t/1)"], where Mga, is the 
saturation magnetization, Mo is the magnetiza- 
tion of the first data point measured once the 
field was set, and 7 is a free variable. Magne- 
tization times for 1 and 3 for each field are given 
in tables S20 and S21; the main text reports the 
average of these values (16.4 and 48.2 s, re- 
spectively) and their SD (0.7 and 4.7, respectively). 


Variable-field FIR spectroscopy 


FIR spectra were recorded on a Bruker IFS 66v/s 
FTIR spectrometer with a globar source and a 
composite bolometer detector element located 
inside an 11 T magnet directly below the sample. 
Approximately 5 mg of 1 was diluted in eicosane 
(1:10 ratio) and pressed in the shape of a 5-mm 
pellet. The sample was prepared and measured 
under an inert atmosphere. The sample was cooled 
to 4.2 K and irradiated with FIR light. Transmis- 
sion spectra were recorded both in the absence 
and in the presence of a magnetic field (0 to 11T). 


CD modeling 


Crystals of 1 are rather air sensitive, and thus all 
crystal manipulation was carried out inside of a 
glove box under an Ar atmosphere. A triangularly 
shaped single crystal with a maximum dimension 
of 0.10 mm was selected, and it was mounted by 
using cryo-protecting oil on a precentered glass 
fiber and then rapidly inserted into a cold He 
stream with a temperature of 20 K to minimize 
any risk of air exposure and subsequent crystal 
decay. 

The crystal was mounted on the goniometer 
of beamline BLO2B1 at the SPring8 synchrotron 
in Japan. The x-ray energy was fixed to 40 keV, 
corresponding to a wavelength of 0.30988 A. We 
have previously experienced substantial crystal 
decay due to radiation damage, and this high 
energy was chosen in an attempt to avoid this 
detrimental effect. As shown in fig. S17, the frame 
scale factor, which accurately captures any crystal 
decay (as well as other systematic effects, such as 
beam intensity fluctuations), is scattered relatively 
close to 1.0 and does not drop off systematically, 
indicating that there is no substantial crystal 
decay. 

The data were collected on a Fuji IP system 
by using 36 w-scans with a width of 5° and an 
overlap of 0.5° for a total of 180° with a scan 
speed of 1 min/degree. Given the high symmetry 
of the compound, this protocol provided a com- 
plete dataset with sufficient redundancy. The 
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diffraction data ceased to be significant already 
at sin(0)/ = 0.9 A“. As we explain below, there 
is substantial dynamic disorder in the crystal 
structure, which likely results in the lack of high- 
angle data. 

The diffraction data were integrated by using 
dedicated Rigaku software RAPID AUTO v2.41, 
which integrates only the intensity of reflections 
estimated to be fully present on one frame, i.e., 
having been rotated fully through the Ewald 
sphere during one of the 5° rotations. This esti- 
mation obviously depends on the mosaicity of 
the crystal and the desired box size for integra- 
tion. We experimented with these values in order 
to optimize the integration results, and those 
presented herein used mosaicity of 0.7° and a 
box size of 13 x 13 pixels. The raw images were 
scaled to accommodate the different sensitivities 
of the photomultiplier tubes, an effect which was 
uncovered in the summer of 2018. 

The integration and subsequent scaling in 
RAPID AUTO provided a total of 43,260 reflec- 
tions, which were then averaged by using the 
point group symmetry -3. These averaged data 
were reduced to 9008 unique reflections with an 
average redundancy of 4.8 and a completeness of 
99.5% by using the program SORTAV. During 
refinement, it was noticed that the ratio of F(obs) 
to F(calc) varied systematically, and thus we 
decided to include 10 resolution-dependent scale 
factors that helped to alleviate this problem, as 
shown in fig. S19. 

These data were used to solve the crystal 
structure by using SHELXT within the Olex2 
interface. The structure solution was found to 
contain a minor, but clearly visible, disordered 
component, and the disorder is solely in the 
naphthalene moiety (see fig. S18). The disorder 
is perhaps best explained as resulting from a 
mirror symmetry in the plane defined by C(1) 
(bonded to Co) and partially by Si(1) and O(1). 
This plane also very nearly includes C(2) [carbon 
bonded to O(1)]. The occupation of the disor- 
dered parts is 4.8%, and including this disorder 
in the model leads to a substantial improvement 
of the refinement. 

Despite the substantial disorder (one of the 
consequences of which is that some atoms in 
the structure are nearly overlapping), we decided 
to attempt multipole-based CD modeling. The 
independent-atom model (IAM) structure from 
ShelX was exported to the program XD, which is 
based on the Hansen-Coppens multipole formal- 
ism. Herein, we kept the extent of disorder fixed 
on the values obtained from ShelX and further- 
more used isotropic thermal parameters for the 
disordered atoms. We did not apply multipole 
parameters to the disordered atoms, which were 
kept spherical. Given the nearly whole-molecule 
disorder, it is imperative to be extremely careful 
during the refinement procedure. Thus, we used 
constraints to avoid overfitting, which otherwise 
is a possibility in such a disordered system. The 
use of isotropic and spherical disordered atoms 
helps with this as well. 

The final multipole model consists of hexade- 
capoles on Co and octopoles on all other non-H 
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atoms (except the disordered atoms), whereas 
H atoms were refined by using one common 
monopole and bond-directed dipole. The model 
was reached after several refinements, in which 
the level of multipoles was increased by one for 
each step. Both neutral and ionic scattering fac- 
tors were tested for Co. In the final model, a 
neutral scattering factor was used. 

In the final refinement, the largest residuals 
were, as expected, near the Si and the Co atoms. 
The largest residuals were positive [the largest is 
around 1.2 eA~* (where eA is electrons per cubic 
angstrom) and is close to the Co] and notably 
larger than the most negative residual density 
peaks, which were around —0.55 eA™®. Such large 
discrepancy between the positive and negative 
residuals may indicate that the disorder was not 
fully accounted for. The Co atom sits on a special 
position in the space group with a multiplicity 
of 6, and it is possible that the high residual 
density at this position is also a result of this 
high symmetry. The residual near Co does not 
indicate that the atom sits off-centered. However, 
it may be related to the disorder, and perhaps it 
does not sit in a harmonic potential. We tried to 
refine anharmonic thermal parameters, but this 
refinement had no effect on the residual density. 

The residual density distribution, interpreted 
by using the fractal dimensionality plots as first 
presented by Meindl and Henn (fig. S19) (53), 
shows a somewhat distorted parabola, with a 
slight tendency to increase more toward the 
positive residuals. However, this increase is much 
smaller than expected from the substantial resid- 
uals near Co and Si and suggests that despite the 
disorder, the multipole model may be quan- 
titatively useful. 

Co sits on a -3 crystallographic position, and 
therefore only four multipole parameters are 
symmetry-allowed. The most important param- 
eter in this respect is the quadrupole along the 
z axis. However, in the least-squares refinement, 
this parameter correlates strongly with the ther- 
mal parameters, including U33, which represents 
the atomic vibration along the same z direction. 
To avoid this correlation, we separated the refine- 
ment of multipole parameters from the refine- 
ment of atomic positions and vibrations. We 
first attempted a high-angle refinement of the 
atomic vibrations and positions, but the result- 
ing refinement of multipole parameters led to 
unphysical values—for instance, atomic charges 
derived from monopole values of more than +2 
and «-parameters deviating by more than 20% 
from unity. Instead, we chose to use the full data- 
set to independently refine the atomic positions 
and vibrations of all atoms, subsequently fixing 
these values and refining the multipole param- 
eters until convergence. This approach repre- 
sented the final model, from which we extracted 
the d-orbital population ratios. In the final model, 
the charge on Co was determined to be +1.3. 
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CRITICAL TRANSITIONS 


Cascading regime shifts 
within and across scales 


Juan C. Rocha’*, Garry Peterson’, Orjan Bodin’, Simon Levin 


1,2,3,4 


Regime shifts are large, abrupt, and persistent critical transitions in the function and 
structure of ecosystems. Yet, it is unknown how these transitions will interact, whether the 
occurrence of one will increase the likelihood of another or simply correlate at distant 
places. We explored two types of cascading effects: Domino effects create one-way 
dependencies, whereas hidden feedbacks produce two-way interactions. We compare them 
with the control case of driver sharing, which can induce correlations. Using 30 regime 
shifts described as networks, we show that 45% of regime shift pairwise combinations 
present at least one plausible structural interdependence. The likelihood of cascading 
effects depends on cross-scale interactions but differs for each type. Management of regime 
shifts should account for potential connections. 


egime shifts occur across a wide range of 
social-ecological systems (1-3). They are 
difficult to predict and reverse (4, 5) and 
often produce sustained shifts in the avail- 
ability of ecosystems services (6). When a 
system undergoes a regime shift, it moves from 
one set of self-reinforcing processes and struc- 
tures to another (2, 7-9). Changes in a key var- 
iable (for example, temperature in coral reefs) 
often make a system more susceptible to shifting 


Fig. 1. Method scheme. Pairs of regime shift 
causal networks were merged to create a response 
variable matrix that accounted for drivers shared, 
domino effects, or hidden feedbacks. In all 
examples, two minimal regime shifts are depicted 
as causal diagrams, drivers are red, and variables 
belonging to feedbacks are purple. For driver 
sharing, the joint network is simplified as a two- 
mode network that allows us to study the co- 
occurrence of drivers (in red) across regime shifts 
(in blue). Driver a is shared by regime shifts 1 
and 2, but driver b is not. The response variable 
matrix counts the number of drivers shared by all 
pairwise combinations of regime shifts. For 
domino effects, two regime shift networks are 
joined together, where driver c in regime shift 2 is 
also part of a feedback process in regime shift 1, 
creating a one-way dependency (orange link) 
between the two regime shifts. The response 
variable matrix counts all the one-way causal 
pathways between pairwise combinations of 
regime shifts. For hidden feedbacks, two minimal 
regime shifts, when joined together, give rise 

to a new unidentified feedback (orange circular 
pathway). The response variable matrix 

counts all hidden feedbacks that arise when 
merging pairwise combinations of regime 

shifts. The 30 causal networks used and the 
labeled matrices of the resulting response 
variables are shown in figs. SI and S3. 
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regimes when exposed to shock events (such as 
hurricanes) or the action of external drivers (such 
as fishing) (10). More than 30 different regime 
shifts in social-ecological systems have been 
documented (3), and similar nonlinear dynam- 
ics are seen across societies, finance, language, 
neurological diseases, and climate (7, 12). As hu- 
mans increase their pressure on the planet, re- 
gime shifts are likely to occur more often and 
more severely (13-15). 


Regime shift 1 Regime shift 2 
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An emergent challenge for science and prac- 
tice is that regime shifts can potentially lead to 
subsequent regime shifts. We define a regime 
shift as cascading when its occurrence may af- 
fect the occurrence of another regime shift. A 
variety of causal pathways connecting regime 
shifts have been identified (table S1). For ex- 
ample, eutrophication is often reported as a 
regime shift preceding hypoxia or dead zones 
in coastal areas (16). Similarly, hypoxic events 
have been reported to affect the resilience of 
coral reefs to warming and other stressors in 
the tropics (17). If, why, and how a regime shift 
somewhere in the world could affect the oc- 
currence of another regime shift remain largely 
open questions and a key frontier of research 
(78, 19). 

Research on regime shifts is often confined 
to well-defined branches of science, reflecting em- 
pirical, theoretical (20), or predictive approaches 
(10, 21). These approaches require a deep knowl- 
edge of the causal structure of the system or a 
high quality of spatiotemporal data. Hence, re- 
search on regime shifts has generally focused on 
the analysis of individual types of regime shifts 
rather than potential interactions across systems. 
We took another approach and instead explored 
potential cascading effects among a large set 
of regime shifts. We investigated two types of 
interconnections: domino effects and hidden 
feedbacks. Domino effects occur when the feed- 
back processes of one regime shift affect the 
drivers of another regime shift, creating a one- 
way dependency (10, 19, 22). A feedback mech- 
anism is a self-amplifying or -dampening process 
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characterized by a pathway of causal processes 
that return to its origin, creating a cycle. Two- 
way interactions arise when two regime shifts 
combine to generate new feedbacks that cannot 
be identified in the separated regime shifts 
(18, 22) and, if strong enough, can amplify or 
dampen the coupled dynamics. We call them 
“hidden feedbacks” because they only show 
when two regime shift networks are combined. 
We contrast these cascading effects, in which 
the occurrence of a regime shift gives rise to 
subsequent regime shifts, with the potentially 
multiplying albeit different effect of two regime 
shifts being caused by common drivers. Driver 
sharing is likely to increase correlation in time 
or space among regime shifts but not necessarily 
interdependence (13, 19). 


Hypotheses of cascading effects 


In analyzing individual regime shifts, bifurcation 
theory often treats drivers as slow variables, 
which assumes that their change is relatively 
slower than changes in variables that describe 
the state of the system (J, 2, 11, 12, 23, 24). Ap- 
plying the same logic to pairs of regime shifts, 
we first expect that domino effects will be dom- 
inated by connections from regime shifts occur- 
ring at larger spatial scales and slower temporal 
dynamics than regime shifts receiving the con- 
nection (25, 26). Second, hidden feedbacks are 
expected to occur when scales match in space 
and time because for a new feedback to emerge, 
regime shifts need to be somewhat aligned in 
the scale at which their process operates. Third, 
regime shifts occurring in similar ecosystem 
types or land uses will be subject to relatively 
similar sets of drivers, and thus, we expect driver 
sharing to be context-specific (13, 19). 

We tested the three hypotheses by analyzing 
regime shifts as networks of drivers and feed- 
back processes. These directed signed graphs 
allowed us to explore driver co-occurrence, 
directional pathways, and emergent feedback 
cycles of coupled regime shift networks (27). 
The empirical basis for our investigation draws 
from the regime shifts database (figs. S1 and S2) 
(3), which offers syntheses of more than 30 types 
of regime shifts, and >300 case studies based 
on literature review of >1000 scientific papers. 
The database describes regime shifts in terms 
of their alternative regimes, drivers, feedback 
mechanisms, impacts on ecosystem services, and 
management options. It provides a set of 75 
categorical variables about impacts, scales, and 
evidence types used to test our expectations 
(27). The database consistently encodes regime 
shifts into causal diagrams as a graphical sum- 
mary of the drivers and underlying feedbacks 
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of each regime shift (fig. S1). Causal diagrams 
for each regime shift were converted into a net- 
work by creating the adjacency matrix A, where 
A,,; is 1 if there is a connection or 0 if not (27). 
A link between two nodes in these networks 
means that there is at least one scientific paper 
reviewed in the database providing some evi- 
dence for a causal relationship (3, 13). 

Three response variables matrices were cre- 
ated by merging pairs of regime shift networks 
(Fig. 1): (i) For driver sharing, it is the number 
of common drivers; (ii) for domino effects, it 
is the number of directed pathways that con- 
nect two regime shifts; and (iii) for hidden feed- 
backs, it is the number of new cycles that emerge 
when joining two regime shift networks (27). 
We tested the hypotheses using exponential 
random graph models (27). In this framework, 
our research question can be rephrased as “What 
is the likelihood of a link between regime shifts 
in the response variable matrix, and what fea- 
tures change this likelihood?” As explanatory 
variables, we used the regime shift database 
categorical variables, focusing on how similar 
two regime shifts are and whether the similar- 
ity increases the likelihood of having a link on 
the response variable matrices (27). The speci- 
fication for the model follows a Poisson reference 
distribution (28), given that the response varia- 
bles contain weighted links of count data—how 
many domino effects, hidden feedbacks, or shared 
drivers link pairs of regime shifts. 


Results 


Regime shifts can be structurally interdependent 
(Fig. 2). The three response variables combined 


show that ~45% of the regime shift couplings 
analyzed present structural dependencies in 
the form of one-way interactions for the domino 
effect or two-way interactions for hidden feed- 
backs. Whereas ~5 and ~2% of the couplings 
present only domino effects and hidden feed- 
backs, respectively, ~28% of the pairwise com- 
binations are linked through two different types 
of connections, and ~9% are linked by all three 
of them. Only for 19% of the pairwise combina- 
tions can we be certain with the current dataset 
that there are no cascading effects. However, the 
discovery of new drivers or feedback mecha- 
nisms underlying these dynamics could reduce 
this estimate. 

Driver sharing is the most common type of 
connection found (Fig. 2). Regime shifts can 
correlate in time and space because of common 
drivers, but they do not necessarily become 
interdependent (13, 19)—that is, the occurrence 
of one does not affect the probability of the 
second occurring. Of all pairwise regime shift 
combinations, 36% were coupled only by driver 
sharing. The resulting matrix for driver sharing 
describes the co-occurrence patterns of 77 drivers 
across the 30 regime shifts analyzed. In our sam- 
ple, aquatic regime shifts tend to have and share 
more drivers, although the driver sharing is not ex- 
clusively with other aquatic regime shifts (Figs. 3A 
and 4B). The highest driver co-occurrence was 
found between regime shifts in kelps, marine 
eutrophication, and the collapse of fisheries. Ter- 
restrial and polar regime shifts tended to have 
fewer and more specific sets of drivers. Large- 
scale regime shifts in polar and subcontinental 
areas (such as monsoon weakening) have fewer 
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Fig. 2. Potential structural dependencies between regime shifts. (A) The three response 
variables combined show eight different possibilities in which regime shifts can interact through 
cascading effects. (B) Driver sharing is the most common type found. (C) Domino effects and 
hidden feedbacks alone or in combination account for ~45% of all regime shift couplings analyzed, 


implying structural dependence. 
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drivers but are hotspots of sharing, typically in- 
cluding climate-related drivers. Drivers that co- 
occurred most frequently were related to food 
production, climate change, and urbanization, yet 
none of them is ubiquitous in our sample (Fig. 3B). 

In line with our expectations, regime shifts 
were more likely to share drivers when they 
occurred in similar land uses but not neces- 
sarily under the same ecosystem types (P«0.001) 
(Fig. 4 and table $3). We did not expect cross- 
scale interactions in driver sharing, yet we 
found that driver sharing is more likely in dy- 
namics that are faster in time (from weeks to 
years) and when spatial scales match. Regime 
shift impacts on ecosystem services and human 
well-being were related to driver sharing. We 
found that affecting similar regulating and pro- 
visioning services increases the likelihood of 
common drivers. 

Evidence of cross-scale interactions for dom- 
ino effects was only found in time but not in 
space. As expected, regime shifts that produce 


Fig. 3. Patterns of cascading effects. (A, C, 
and E) Regime shifts are ranked according to 
their role in (A) driver sharing, (C) domino 
effect, and (E) hidden feedbacks. (B, D, and 

F) Key variables involved in cascading effects 
are shown for (B) driver sharing, (D) domino 
effects, and (F) hidden feedbacks. The 
distribution of drivers shared per regime 

shift (A) with respect to the number of drivers 
each one has (black points) shows that regime 
shifts in aquatic environments tend to have 
and share more drivers. WAIS, West Antarctica 
Ice Sheet collapse. Regime shifts that produce 
most domino effects (high outdegree) are Earth 
system tipping points, whereas the regime 
shifts that receive the most (high indegree) 
occur in aquatic and land-water interface (C); 
labels are plotted only for regime shifts in which 
the maximum number of domino effects (four) 
is found. Most variables associated with domino 
effects are related to climate and transport 
mechanisms (D). These variables are part of a 
feedback mechanism in one regime shift that 
are in turn drivers in another regime shift. 
Hidden feedbacks occur typically in terrestrial 
and Earth system regime shifts. The distribution 
of hidden feedbacks (E) is organized by higher 
to lower mean number of feedbacks. Boxplots 
are shown in log-scale after zero values have 
been removed. The variables most often 
involved in hidden feedbacks have high 
betweenness and closeness centralities 

(F) calculated on the network of all regime 
shifts in our sample (n = 30). These measures 
reveal the variables (labeled) that lie on 

most shorter pathways from all other 

variables in the network. 
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domino effects have slow temporal dynamics 
and larger spacial scales. These regime shifts 
include Earth system-tipping elements such 
as monsoon weakening, thermohaline circula- 
tion collapse, and Greenland ice sheet collapse 
(Fig. 3C). On the other hand, regime shifts in- 
fluenced by domino effects were often marine 
and occurred over shorter times and more local- 
ized spaces, including mangrove transitions, kelp 
transitions, and transitions from salt marshes to 
tidal flats. The statistical models support this 
observation for temporal scales (Fig. 4 and table 
S4), but we did not find evidence for spatial 
ones. Having domino effects was significantly 
associated with affecting similar regulating and 
provisioning services (P < 0.001), but the size of 
the effects are dwarfed by its rarity. The sparse 
response variable matrix (Fig. 1) and the neg- 
ative coefficient on the sum term in the sta- 
tistical models (table S4) show that domino 
effects are not common. When they do occur, 
it is only through a few pathways between re- 
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gime shifts (maximum of four in our sample). 
Key variables involved in domino effects were 
related to climate, nutrients, and water transport 
(Fig. 3D). 

Hidden feedbacks were expected to arise 
when regime shift dynamics matched scales in 
space and time. The statistical analysis supports 
our hypothesis: Regime shifts that occur on the 
range of decades to centuries and at national 
scale are more likely to have hidden feedbacks 
(Fig. 4 and table S5). We found fewer hidden 
feedbacks than one would expect by chance, but 
when hidden feedbacks did occur, they tended 
to couple regime shifts through multiple feed- 
backs. Most hidden feedbacks in our sample 
occurred in terrestrial and Earth systems (Figs. 
3E and 4). The regime shifts with higher num- 
bers of connections (15 to 18 out of 30 possible) 
are thermohaline circulation, primary prod- 
uctivity of the Arctic Ocean, forest to savanna, 
monsoon weakening, and the Greenland ice 
sheet collapse. Key variables belonging to many 
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hidden feedbacks were related to climate, fires, 
agriculture, and urbanization (Fig. 3F). 


Discussion and conclusions 


Regime shifts are ubiquitous in nature, yet how 
they can interact has remained an unexplored 
question. Although this question is fundamental 
for scientists to forecast the dynamics of eco- 
systems, the answers are relevant for policy- 
makers and managers because regime shifts 
can affect ecosystem services and human well- 
being and hence undermine the achievement 
of sustainable development goals. Domino effects 
and hidden feedbacks are often disregarded be- 
cause research on regime shifts is divided by 
disciplines that focus on one system at a time. 
Consequently, data collection and hypothesis test- 
ing for coupled systems have largely remained 
unexplored (18, 19). Although few studies have 
investigated cascading effects by looking at 
temperature-driven tipping points in the clim- 
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ate systems (15, 25, 29), a growing body of 
literature has started to offer hypotheses on 
how different regime shifts can be intercon- 
nected (table S1). We have developed a network- 
based method that allows us to systematically 
identify potential cascading effects and differ- 
entiate whether a regime shift coupling is ex- 
pected to create structural dependencies in 
the form of domino effects or hidden feedbacks 
(Fig. 2). 

Our findings align with previous results on 
the type of variables and processes that can 
couple regime shifts (table S1), highlighting the 
role of climate, agriculture, and transport mech- 
anisms for nutrients and water (Fig. 3). Recent 
literature (table S1, references) reports potential 
linkages between eutrophication and hypoxia, 
hypoxia and coral transitions, shifts in coral 
reefs and mangrove transitions, or climate in- 
teractions. Other examples in the terrestrial 
realm report potential increase in Arctic warm- 


Fig. 4. Cascading effects across scales. 

(A) Summary of the statistical results. 

Only models with the lower Akaike 
information criteria were included on 

the figure. The figure is complemented 

by tables S3 to S5, with alternative 

models fitted. (B to J) Circular plots 

showing the mixing matrices of cascading 
effects [driver sharing, (B), (E), and (H); 
domino effects, (C), (F), and (I); and 

hidden feedbacks, (D), (G), and (J)] according 
to ecosystem type [(B), (C), and (D)], 

spatial scales [(E), (F), and (G)], and temporal 
scales [(H), (1), and (J)]. 


ing from higher fire frequency in boreal forest 
or permafrost thawing. Regime shifts in the 
Arctic can affect any temperature-driven regime 
shift in and outside the Arctic (30), including 
the weakening of the thermohaline circulation. 
Moisture recycling is a key underlying feedback 
on the shift from forest to savanna or the 
Indian monsoon but also has the potential to 
couple ecosystems beyond the forest that de- 
pend on moisture recycling as an important 
water source. Changes in moisture recycling 
can affect mountain forests in the Andes, nu- 
trient cycling in the ocean by affecting sea 
surface temperature, and therefore regime shifts 
in marine food webs or exacerbation of dry 
land-related regime shifts. Not all cascading 
effects reported in the literature and our results 
are expected to amplify each other. For example, 
it has been reported that climate-tipping points 
can regulate each other and reduce the proba- 
bility of regime shifts in forests (29, 31). 
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Guided by the practice of explaining and mod- 
eling single regime shifts as emergent dynamics 
from fast and slow processes (2, 8, II, 20, 23-25), 
we hypothesized that cascading effects between 
regime shift couplings were determined by cross- 
scale interactions. For domino effects, we only 
found support of cross-scale interactions in 
time but not in space. For hidden feedbacks, 
we found evidence of matching in space and 
time. Together, these results show that the 
likelihood of regime shift coupling depends 
on cross-scale interactions but differs for each 
cascading effect type. Lack of evidence for in- 
teractions across spatial scales for domino effects 
suggests that stochastic and transient dynamics 
might be playing an important role in regime 
shifts (32) and their cascading effects. A major 
role of stochastic and transient dynamics in 
regime shift-couplings limits the applicability of 
early warning signals (10, 27) to predict cascading 
effects (25). Developing early warning signals for 
coupled regime shifts is therefore a research need. 

Synchronization of regime shifts in time or 
space is a subject of debate (19, 33-35). Tem- 
poral correlations—typically induced by driver 
sharing—can be broken by spatial heterogeneity 
(19), indicating that context matters for corre- 
lations to emerge. Spatial heterogeneity can 
smooth out critical transitions (36, 37). Yet, 
identifying common drivers is useful for design- 
ing management strategies that target bundles 
of drivers instead of well-studied variables inde- 
pendently, increasing the chances that manag- 
ers will avoid several regime shifts under the 
influence of the same sets of drivers (13, 38). For 
example, management options for drivers such 
as sedimentation, nutrient leakage, and fishing 
can reduce the likelihood of regime shifts such 
as eutrophication and hypoxia in coastal brack- 
ish lagoons as well as coral transitions in ad- 
jacent coral reefs. 

Our results complement previous findings 
(table S1) by offering a wide spectrum of causal 
hypotheses about how regime shifts can be cou- 
pled. However, the limitations of our method 
need to be acknowledged. Regime shifts were 
represented as static networks, and the cascad- 
ing effects were identified by matching two 
pieces of information: variable names and posi- 
tions within the causal diagram. Therefore, the 
method identifies structural dependencies but 
cannot predict how the dynamics will unfold in 
space or time. For example, if a connection be- 
tween mangrove collapse and coral transitions 
is found through protection against coastal ero- 
sion, geographical distance between the two 
systems or the direction of oceanic currents 
can change or even cancel out the coupling 
strength. In fact, coupling strength is expected 
to change from one place to another. Hence, our 
method identifies plausible connections between 
regime shifts, but identifying the conditions that 
change plausible to probable requires more 
detailed understanding of regime shift mecha- 
nisms. Empirical studies and modeling synthe- 
ses are required to translate our identification 
of possible mechanisms into context-sensitive 
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forecasts. Dynamic models of these types of 
dynamics require careful assumptions about pa- 
rameter values and the functional form of the 
system equations. Generalized modeling is a 
promising technique that does not require 
particular assumptions, allowing the researcher 
to reach more general conclusions based on 
stability properties of the system (39, 40). An- 
other potential avenue for future research is 
looking at how transport mechanisms couple 
physically distant ecosystems—for example, 
through the moisture-recycling feedback (41) or 
international trade (78). A key lesson from our 
study is that regime shifts can be intercon- 
nected. Regime shifts should not be studied in 
isolation under the assumption that they are 
independent systems. Methods and data col- 
lection need to be further developed to account 
for the possibility of cascading effects. 

Our finding that ~45% of regime shift cou- 
plings can have structural dependence suggests 
that current approaches to environmental man- 
agement and governance underestimate the 
likelihood of cascading effects. More attention 
should be paid to how Earth is social-ecologically 
connected (78), how those connections should be 
managed, and how to best prepare for regime 
shifts. Our research suggests that regional eco- 
systems can be transformed by ecosystem man- 
agement far away and, conversely, can themselves 
drive the transformations of other distant ecosys- 
tems. Decisions made in one place can undermine 
the achievement of sustainable development goals 
in other places. For example, it has been shown 
that many Arctic regime shifts have the potential 
to affect non-Arctic ecosystems far away and the 
provision of their ecosystem services (30, 42, 43). 
It implies that whoever does make decisions on 
management is not necessarily the one who has to 
deal with the impacts. This issue is evident in 
governance of water-transport systems, whether 
run-off or atmospheric transport, but it is ap- 
plicable to other dynamics that connect faraway 
ecosystems through other mechanisms, such as 
climate change, fire, nutrient inputs, or trade. 
Our results highlight variables that are key for 
domino effects and hidden feedbacks, such as 
climate, agriculture, transport of nutrients, and 
water. They are also good observables for moni- 
toring early-warning indicators of the strengthen- 
ing of regime shift coupling. How and when 
nonlinear change can be transmitted across 
space and time in the Earth system should be 
considered in assessments and management 
of future environmental change. 
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EXOPLANET ATMOSPHERES 


Spectrally resolved helium absorption 
from the extended atmosphere of a 
warm Neptune-mass exoplanet 


R. Allart, V. Bourrier’, C. Lovis', D. Ehrenreich’, J. J. Spake”, A. Wyttenbach”’, 
L. Pino’*”*, F. Pepe’, D. K. Sing”’®, A. Lecavelier des Etangs” 


Stellar heating causes atmospheres of close-in exoplanets to expand and escape. 
These extended atmospheres are difficult to observe because their main spectral 
signature—neutral hydrogen at ultraviolet wavelengths—is strongly absorbed by 
interstellar medium. We report the detection of the near-infrared triplet of neutral 
helium in the transiting warm Neptune-mass exoplanet HAT-P-11b by using ground- 
based, high-resolution observations. The helium feature is repeatable over two 
independent transits, with an average absorption depth of 1.08 + 0.05%. Interpreting 
absorption spectra with three-dimensional simulations of the planet’s upper 
atmosphere suggests that it extends beyond 5 planetary radii, with a large-scale height 
and a helium mass loss rate of <3 x 10° grams per second. A net blue-shift of the 
absorption might be explained by high-altitude winds flowing at 3 kilometers per second 


from day to night-side. 


AT-P-1ib is a transiting, warm Neptune- 
class exoplanet (27.74 + 3.11 Earth masses, 
4.36 + 0.06 Earth radii) that orbits its star 
in 4.89 days (1-3). Its orbit is near the edge 
of the evaporation desert, a region at close 
orbital distances characterized by a lack of ob- 
served Neptune-mass exoplanets (4, 5). The evap- 
oration desert can be explained as the result of 
heating planetary atmospheres through stellar 
radiative flux: Planets that are insufficiently mas- 
sive lose their gaseous atmospheres through its 
expansion and hydrodynamic escape (6, 7). The 
upper atmosphere of planets in mild conditions 
of irradiation, such as HAT-P-11b, could extend 
without being subjected to substantial loss and 
yield deep transit. The low density of HAT-P-11b 
and the detection of water in its atmosphere (8) 
suggest a hydrogen-helium-rich atmosphere clear 
of aerosols down to an altitude corresponding to 
1 mbar atmospheric pressure. 
We observed two transits of HAT-P-11b with 
the CARMENES (Calar Alto high-Resolution search 
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for M dwarfs with Exoearths with Near-infrared 
and optical Echelle Spectrographs) (9) instrument 
on the Calar Alto 3.5 m telescope on 7 August 2017 
(visit 1) and 12 August 2017 (visit 2). CARMENES 
consists of two high-resolution spectrographs 
covering parts of the visible (5200 to 9600 A) 
and near-infrared (9600 to 17,100 A) domains 
with spectral resolving powers of ~95,000 and 
~80,000, respectively. We analyzed data from the 
near-infrared channel. The data are automati- 
cally reduced with the CARMENES Reduction 
and Calibration pipeline (0), which applies a bias, 
flat-field, and cosmic ray correction to the raw 
spectra. A flat-relative optimal extraction (FOX) (171) 
and wavelength calibration (defined in vacuum) 
were then applied to the spectra (12). We observed 
HAT-P-11 for 6 and 5.8 hours in visits 1 and 2, 
respectively, in 53 and 51 exposures, each of 408 s. 
Among these spectra, 19 and 18 were obtained 
during the 2.4-hour duration of the planetary 
transit in visits 1 and 2, respectively (73). 
During a transit, the atmosphere of a planet 
blocks a fraction of the stellar light at a given 
wavelength, depending on its structure and com- 
position. We retrieved the near-infrared transmis- 
sion spectrum of the exoplanet atmosphere by 
calculating the ratio between the in-transit spectra 
and an out-of-transit master spectrum (fig. SI), 
representing the unocculted star. The out-of- 
transit master for each visit was determined by 
co-adding spectra taken before and after transit 
(13). Because of the change in radial velocity aris- 
ing from the planet’s motion, the spectrum of its 
atmosphere experiences a spectral shift during 
the transit. Transmission spectra were calculated 
for each in-transit exposure, offset in wavelength 


to the planet’s rest frame, and co-added (14-16) 
to search for absorption from the planet atmo- 
sphere. HAT-P-11b has an eccentric orbit [eccen- 
tricity (e) = 0.26] that causes the planetary radial 
velocity to increase from —36 km-s™! to -24km-s* 
during the transit. As a result, any absorption 
signatures from the planet atmosphere are ex- 
pected to be blue-shifted with respect to their 
rest wavelengths in the stellar reference frame. 
This helps to distinguish between signals with 
stellar or planetary origins. The signal-to-noise 
ratio also increases because the planet absorption 
is offset from the equivalent stellar line, unlike 
planets on circular orbits (fig. S2) (13). A search 
for atmospheric absorption features in excess of 
the planetary continuum absorption signal, optical 
transit depth ~3400 ppm, revealed absorption in 
the near-infrared He 1 triplet (10,832.06, 10,833.22, 
and 10,833.31 A in vacuum) (Figs. 1 and 2). The He 
1 triplet originates from a transition between the 
2°P state and the metastable 2°S state, which can 
be populated by recombination from the singly 
ionized state or by collisional excitation from the 
ground state (17). The triplet is spectrally and tem- 
porally resolved during the transit owing to the 
high spectral resolution and fast cadence of the 
observations. The two strongest lines of the triplet 
are blended, whereas the third, weakest (and 
bluest) line is resolved from the two others. These 
transitions occur in a spectral region devoid of 
strong water absorption lines or OH emission lines 
from Earth’s atmosphere (13). The spectral region 
is also devoid of strong stellar absorption features 
(fig. SI) (13). 

Absolute fluxes cannot be determined from 
ground-based high-resolution spectra because of 
the variability of Earth’s atmosphere and light 
losses at the spectrograph entrance. Although 
this does not prevent the detection of spectrally 
localized absorption features arising from the 
planet atmosphere, it does mean that these obser- 
vations are not sensitive to any continuum occul- 
tation by the atmosphere. To highlight the excess 
atmospheric He 1 absorption from HAT-P-11b and 
to allow comparison with simulations, we rescaled 
the continuum of each individual transmission 
spectrum using the theoretical transit white light 
curve of the planet (table S1) (13). The rescaled 
transit light curve integrated over the spectral 
range 10,832.84 to 10,833.59 A is shown in Fig. 2, 
including the most significant excess atmo- 
spheric absorption of 1.08 + 0.05% (210, where 
o is the standard deviation). The absorption 
signature is centered on the He 1 triplet in the 
planet reference frame, occurs during the 
planet transit, and is repeatable over two visits 
(0.82 + 0.09% in visit 1 and 1.21 + 0.06% in visit 
2), so it arises from helium in the atmosphere 
of HAT-P-11b (Fig. 1 and fig. S2). The difference 
in absorption between the two visits could 
arise from variability in the size of the atmo- 
sphere or its helium density. The peak of the 
resolved helium absorption profile reaches 
~1.2%, corresponding to an equivalent opaque 
radius of ~2.29 planetary radii (R,). 

We interpreted the observations of HAT-P-11b 
using three-dimensional (3D) simulations of its 
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atmosphere using the EVaporating Exoplanets 
(EVE) code (18, 19) [a detailed description is pro- 
vided in (13)]. EVE was used to generate theoretical 
spectra after absorption by the planet and its upper 
atmosphere, accounting for limb-darkening, for 
the partial occultation of the stellar disk during 
ingress/egress, and for 3D effects linked to the 
atmospheric structure. The upper atmosphere con- 
sists of the thermosphere, the layer heated by the 
stellar irradiation, and the exosphere, the above 
layer in which the gas becomes collisionless (13). 
The thermosphere is parameterized with an iso- 
tropic, hydrostatic density profile defined by the 
ratio between the temperature of the thermosphere 
and its mean atomic weight, 7;,/u. We included a 
constant upward velocity v,, to account for the 
bulk expansion of the thermosphere driven by 
the stellar extreme ultraviolet (XUV) irradiation. 
This expansion can lead to substantial mass loss, 
so we modeled the exosphere of HAT-P-11b by re- 
leasing metastable helium atoms at the top of 
the thermosphere (13). The altitude of the ther- 
mopause (the thermosphere/exosphere boundary, 
also known as the exobase) (Rians) is a free pa- 
rameter in the fitting, as is the mass loss rate of 
metastable helium My... Monte Carlo particle 
simulations are used to compute the dynamics of 
the atmosphere under the influence of the planet 
and star gravity, and the stellar radiation pres- 
sure. The density profile of metastable helium in 
the thermosphere is scaled so that it matches the 
density of exospheric metaparticles at the ther- 
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Fig. 1. He 1 transmission spectra of HAT-P-11b as a function of orbital 
phase. (A) Plotted in the star rest frame. (B) Plotted in the planet rest 
frame. Horizontal orange dotted lines correspond to the beginning and end 
of transit. Green lines show the three He | transitions in the planet rest 
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10833 


mopause. We assume that the low densities in 
the collisionless exosphere prevent the forma- 
tion of additional metastable helium atoms or 
their de-excitation through collisions (17). 

The theoretical spectra were oversampled in time 
and wavelength compared with the CARMENES 
observations. We therefore convolved the output 
with the instrumental response, resampled over 
the CARMENES wavelength scale, and averaged 
within the time windows of each observed expo- 
sure. The theoretical and observed time-series 
spectra were compared over visits 1 and 2 toge- 
ther (103 exposures), limiting the fitting to the 
spectral range 10,826 to 10,834 A (139 pixels, 
defined in the star rest frame) to avoid contam- 
ination by Earth atmosphere. We calculated a 
grid of simulations as a function of the four free 
parameters in the model, using x? as the merit 
function (fig. S4). 

The exploration of the model parameter space 
reveals a broad y” minimum (? ~ 6130 for 14,178 
data points). The best-fitting thermopause alti- 
tudes extend between 5 R, and the Roche Lobe 
(the limit of the gravitational influence of the 
planet, at 6.5 Rp). The Tyy/1 values indicate high 
temperatures and/or low mean atomic weight 
(Tm/u = 24,000 K-amu~), suggesting a large 
fraction of ionized gas and free electrons. The 
width of the absorption signature is domi- 
nated by thermal broadening, but the upward 
expansion of the thermosphere could play a role 
with v,, up to 10 km-s +, which is in the range 
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of values predicted for HAT-P-11b (20). Compar- 
ison between our best-fitting signature from 
a radially expanding thermosphere and the ob- 
served absorption profile reveals that it is 
symmetrical but blue-shifted (Fig. 3). Including 
zonal winds flowing from day- to night-side in our 
best-fitting models provides a better match to the 
observed absorption profile (7? = 6121) for veloc- 
ities of ~3 km-s™ (fig. S4). 2D hydrodynamical 
simulations (27) have shown that such winds can 
form at high altitudes in the extended atmospheres 
of giant planets. 

Our results suggest a negligible contribution 
from the exosphere, with M ye. below 3 x 10° gs". 
This is consistent with the spectral symmetry of 
the observed absorption profile near the He 1 triplet 
and the symmetry of the time series absorption 
around the transit center (Fig. 2). These proper- 
ties demonstrate that absorption from HAT-P- 
1lb arises mostly from spherical layers of gas 
likely to be still gravitationally bound to the 
planet. The absence of post-transit absorption, 
or a strong absorption signal blueward of the 
helium transitions, rule out an extended tail of 
helium trailing the planet. This is unlike the 
elongated hydrogen exosphere detected around 
GJ 436 b (22, 23), a warm Neptune with similar 
density to that of HAT-P-11b. Our best-fitting 
models yield densities of metastable helium 
~10 cm™ at altitudes between 5 and 6.5 Ry, 
within the range of values simulated for GJ 
436 b at similar altitudes (17). 


10832 10833 10834 10835 


Excess absorption (%) 


10832 10833 10834 10835 


frame. Excess atmospheric absorption is visible as a white signal centered 
on the He | transitions, following the planetary motion, and occurring 
only during the transit. (© and D) The equivalent simulated maps for our 
best-fitting atmospheric model (13). 
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Fig. 2. Average He | transmission 
spectrum of HAT-P-11b in the planetary 
rest frame and transit light curve. 

(A) Transmission spectra in visit 1 (blue) 
and visit 2 (orange), showing the 
absorption signature centered on the 

He | triplet (rest wavelengths shown as 
dashed gray lines). The black points show 
the weighted average over the two visits, 
and the red line is our best-fitting 

model. Wavelengths are in the planet rest 
frame. (B) Light curves derived from the 
spectra in (A) normalized to the expected 
planetary continuum absorption and 
integrated over 10,832.84 to 10,833.59 A. 
Plotting symbols are the same as in 

(A), and the theoretical planet light curve 
without helium absorption is shown 

in gray. The black light curve was 

binned in phase. The green band is the 
time window (-1 hour to +1 hour) 

used to produce the average spectrum 

in (A). Vertical gray dashed lines 
correspond to the beginning and end 

of the transit. 


Fig. 3. Contribution of zonal winds to 
the He | absorption signature from 
HAT-P-11b. The black points are the 
observed average over the two nights, 
as shown in Fig. 2A. The blue curve 
corresponds to a radially expanding 
thermosphere, and the red curve 
(shown in Fig. 2A) is blue-shifted by 
the additional contribution of 
zonal winds flowing from day- to 

-1 


night-side at 3 km-s~. 


Our best-fitting simulation in Fig. 4 and fig. S5 
illustrates how the radiative environment from 
the host star (spectral type K4) influences the 
exosphere of HAT-P-11b. Helium atoms in the 
shadow of the planet keep moving on their orig- 
inal escape trajectory (determined by the orbital 
velocity of the planet when they escaped), until 
they radiatively de-excite with a lifetime of 131 min 
(24). Outside of the planet shadow, helium atoms 
are blown away faster than this lifetime by the 
strong stellar radiation pressure. It is much stronger 
at the helium triplet wavelength (~10,833 A) than 
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for the hydrogen Lyman-a wavelength (1215.7 A) 
because of the brighter near-infrared continuum. 
Radiation pressure on metastable helium atoms 
escaping HAT-P-11b is higher than the gravitational 
pull of the star by a factor of ~90, whereas it reaches 
amaximum of ~5 for the hydrogen exospheres of 
planets around G- and K-type stars (78). However, 
the low photoionization threshold of metastable 
helium atoms implies that their lifetime is only 
2.4 min at the orbital distance of HAT-P-11b, which 
explains why we do not observe an extended 
comet-like tail trailing the planet. There are, 


therefore, extended upper atmospheres around 
both warm Neptunes HAT-P-11b and GJ 436 b. 
Although they have similar mass and radius, the 
different spectral types and XUV emission of their 
host stars (K- and M-type, respectively) are ex- 
pected to produce different structures for their 
upper atmospheres. The presence of helium at 
high altitudes around HAT-P-11b nonetheless 
suggests that large amounts of hydrogen could 
be escaping into its exosphere. 

Theoretical models (17, 25) have predicted that 
the metastable He 1 triplet can be used to trace 
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Fig. 4. The best-fitting EVE simulation of the HAT-P-11b helium absorption time series. 

The system is shown during transit ingress; egress and mid-transit are shown in fig. S5. 
Distances are defined with respect to the star center. (A) View of the exosphere from 

above the planet. Metastable helium atoms are colored as a function of their radial velocity 

in the stellar rest frame (color bar). The dashed circle is the projected transition between the 
exosphere and thermosphere regimes. All particles in this projected view are outside of the 
thermosphere. The eccentric orbit of HAT-P-11b (black disk, plotted above the exosphere 

for the sake of clarity) is shown as a green curve. The tail is due to particles in the planet shadow 
being protected from photo-ionization. (B and C) View along the LOS (line of sight) toward 
Earth, showing the (B) thermospheric and (C) exospheric regimes separately. (B) The 
thermosphere is colored as a function of the column density of metastable helium. (C) Particles 
in the exosphere are colored as in (A). (B) shows the grids discretizing the stellar disk, the 


thermosphere, and the planetary disk. 


atmospheric evaporation. Because the 10,833-A 
He 1 triplet is not absorbed by the interstellar 
medium, it allows probing planetary systems 
farther from Earth than the H 1 Lyman-a at 
1215 A (26). Although early searches were unsuc- 
cessful because of instrumental limitations (27), 
an unresolved detection of metastable helium 
on the inflated gas giant WASP-107b has been 
achieved with the Hubble Space Telescope (HST) 
(28). Because of the low spectral resolution of 
HST, the helium triplet in WASP-107b was cov- 
ered with just 1 pixel. We have calculated that 
observations of HAT-P-11b helium atmosphere 
with the James Webb Space Telescope (JWST) 
would measure the triplet with a high sensitivity 
but over just 2 pixels (13). High-resolution spec- 
trographs have the ability to spectrally resolve 
the He | transitions, aiding in the separation of 
planetary from stellar signals. As shown by our 
results (Fig. 2) (29), resolved observations of the 
He 1 triplet provide additional constraints on 
the extended atmospheres of exoplanets, from 
their thermosphere to exosphere. 


SCIENCE sciencemag.org 


REFERENCES AND NOTES 


1. G. A. Bakos et al., Astrophys. J. 710, 1724-1745 (2010). 

2. D. Deming et al., Astrophys. J. 740, 33 (2011). 

3. K. F. Huber, S. Czesla, J. H. M. M. Schmitt, Astron. Astrophys. 
597, All3 (2017). 

4. A. Lecavelier des Etangs, Astron. Astrophys. 461, 1185-1193 

(2007). 
5. C. Beaugé, D. Nesvorny, Astrophys. J. 763, 12 (2013). 
. A. Vidal-Madjar et al., Nature 422, 143-146 (2003). 
7. E. D. Lopez, J. J. Fortney, N. Miller, Astrophys. J. 761, 59 
(2012). 

8. J. Fraine et al., Nature 513, 526-529 (2014). 

9. A. Quirrenbach et al., SPIE 9147, 91471F (2014). 

0. J. A. Caballero et al., SPIE 9910, 99100E (2016). 

1. M. Zechmeister, G. Anglada-Escudé, A. Reiners, Astron. 
Astrophys. 561, A59 (2014). 

2. F. F. Bauer, M. Zechmeister, A. Reiners, Astron. Astrophys. 581, 
All7 (2015). 

3. Material and Methods are available as supplementary materials. 

4. A. Wyttenbach, D. Ehrenreich, C. Lovis, S. Udry, F. Pepe, 
Astron. Astrophys. 577, A62 (2015). 

5. A. Wyttenbach et al., Astron. Astrophys. 602, A36 (2017). 


6. R. Allart et al., Astron. Astrophys. 606, A144 (2017). 

7. A. Oklopéi¢, C. M. Hirata, Astrophys. J. 855, L11 
(2018). 

8. V. Bourrier, A. Lecavelier des Etangs, Astron. Astrophys. 557, 
A124 (2013). 


19. V. Bourrier, D. Ehrenreich, A. Lecavelier des Etangs, Astron. 
Astrophys. 582, A65 (2015). 

20. M. Salz, S. Czesla, P. C. Schneider, J. H. M. M. Schmitt, 
Astron. Astrophys. 586, A75 (2016). 

21. J. H. Guo, Astrophys. J. 766, 102 (2013). 

22. D. Ehrenreich et al., Nature 522, 459-461 (2015). 

23. B. Lavie et al., Astron. Astrophys. 605, L7 (2017). 

24. G. W. Drake, Phys. Rev. A 3, 908-915 (1971). 

25. S. Seager, D. D. Sasselov, Astrophys. J. 537, 916-921 
(2000). 

26. N. Indriolo, L. M. Hobbs, K. H. Hinkle, B. J. McCall, Astrophys. 
J. 703, 2131-2137 (2009). 

27. C. Moutou, A. Coustenis, J. Schneider, D. Queloz, M. Mayor, 
Astron. Astrophys. 405, 341-348 (2003). 

28. J. J. Spake et al., Nature 557, 68-70 (2018). 

29. L. Nortmann et al., Science 362, 1388-1391 (2018). 

30. R. Allart et al., Spectrally resolved helium absorption from the 
extended atmosphere of a warm Neptune exoplanet. Zenodo 
(2018); doi:105281/zenodo.1473463 


ACKNOWLEDGMENTS 


We acknowledge the Geneva exoplanet atmosphere group 

for fruitful discussions and the support of X. Dumusque 

for the DACE platform. Funding: This work was based on 
observations collected at the Centro Astrondmico Hispano 
Aleman (CAHA), operated jointly by the Max-Planck 

Institut ftir Astronomie and the Instituto de Astrofisica de 
Andalucia (CSIC) under OPTICON program 2017B/026, 
“Multi-wavelength observations of the warm Neptune 
HAT-P-11b: A journey across the atmosphere.” This project has 
received funding from the European Union's Horizon 2020 
research and innovation program under grant agreement 
730890. This material reflects only the authors views, 

and the Commission is not liable for any use that 

may be made of the information contained therein. This 

work has been carried out in the frame of the National 
Centre for Competence in Research “PlanetS” supported by 
he Swiss National Science Foundation (SNSF). R.A., 

V.B., D.E., C.L., L.P., F.P., and A.W. acknowledge the 

inancial support of the SNSF. A.W. acknowledges 

he financial support of the SNSF through the grant 
P2GEP2_178191. A.L.d.E. thanks the CNES for financial 
support. This project has received funding from 

he European Research Council (ERC) under the 

European Union's Horizon 2020 research and innovation 
program (project FOUR ACES; grant agreement 724427). 

his project has also received funding from the European 
Research Council (ERC) under the European Union's 

Seventh Framework Programme (Fp7/2007-2013)/ERC 

grant agreement 337592. Author contributions: 

R.A. coordinated the study, performed the data reduction, 
and analyzed the results. V.B. developed the EVE code, 

based on previous code written by V.B. and A.L.d.E.; 

R.A. and V.B. performed the EVE simulations and wrote 

he paper. J.J.S. performed the HST and JWST simulations. 
R.A., V.B., C.L., D.E., L.P., A.W., and F.P. wrote the 
OPTICON proposal. All authors participated in 

he discussion and interpretation of the results, and 
commented on the manuscript. Competing interests: The 
authors declared no competing interests. Data and 
materials availability: The CARMENES raw and reduced 
data can be obtained from the Calar Alto Observatory 
archive at http://caha.sdc.cab.inta-csic.es/calto/jsp/ 
searchform.jsp under program number 051. The data and 
simulation outputs used to produce each figure are 
available at (30). The EVE code is described in (13, 18, 28) 
and available at https://github.com/RomainAllart/Science_ 
Allart_HAT-P-11b. 


SUPPLEMENTARY MATERIALS 
www.sciencemag.org/content/362/6421/1384/suppl/DC1 
Materials and Methods 

Tables S1 and S2 

Figs. Sl to S6 

References (31-45) 


14 March 2018; accepted 8 November 2018 
Published online 6 December 2018 
10.1126/science.aat5879 


21 DECEMBER 2018 * VOL 362 ISSUE 6421 1387 


RESEARCH | REPORTS 


EXOPLANET ATMOSPHERES 


Ground-based detection of an 
extended helium atmosphere in the 
Saturn-mass exoplanet WASP-69b 


Lisa Nortmann’*, Enric Pallé’?, Michael Salz?, Jorge Sanz-Forcada*, 
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1,2,7 


Hot gas giant exoplanets can lose part of their atmosphere due to strong stellar irradiation, 
and these losses can affect their physical and chemical evolution. Studies of atmospheric 
escape from exoplanets have mostly relied on space-based observations of the hydrogen 
Lyman-c line in the far ultraviolet region, which is strongly affected by interstellar 
absorption. Using ground-based high-resolution spectroscopy, we detected excess 
absorption in the helium triplet at 1083 nanometers during the transit of the Saturn-mass 
exoplanet WASP-69b, at a signal-to-noise ratio of 18. We measured line blueshifts of 
several kilometers per second and posttransit absorption, which we interpret as the escape 
of part of the atmosphere trailing behind the planet in comet-like form. 


n recent years, high-resolution spectroscopy 
has become a frequently used tool for inves- 
tigating exoplanet atmospheres (7-4). Numer- 
ous stable high-resolution spectrographs have 
been deployed on telescopes specifically for 
exoplanetary science (5-8). One of these spectro- 
graphs is CARMENES (Calar Alto high-Resolution 
search for M dwarfs with Exoearths with Near- 
infrared and optical Echelle Spectrographs) (8) 
at the 3.5-m telescope of the Calar Alto Ob- 
servatory. The spectrograph simultaneously 
covers the visible wavelength range from 0.52 to 
0.96 um and the near-infrared range from 0.96 


to 1.71 um. The near-infrared coverage provides 
access to exoplanet atmospheric features that 
cannot be observed in the visible range, includ- 
ing the triplet of metastable He 1 lines around 
1083 nm. This feature has been proposed as a 
tracer for atmospheric evaporation (9), a pro- 
cess whereby intense x-ray (~0.5 to 10.0 nm) 
and extreme ultraviolet (EUV) (10.0 to 92.0 nm) 
irradiation from a host star causes atmospheres 
of hot gas exoplanets to expand, resulting in a 
bulk mass flow away from the planet. The con- 
tinuous mass loss most strongly affects small 
sub-Neptune-sized planets and may be capable 


of removing their entire volatile atmosphere 
(0). Helium absorption at 1083 nm is sensitive 
to the low-density gas in an evaporating atmo- 
sphere (9, 11, 12), and its observation is not 
affected by absorption in the foreground in- 
terstellar medium, which hampers studies of 
the neutral hydrogen Lyman-a (Lyq) line (9). 
He 1 absorption has been detected in a trans- 
mission spectrum of the exoplanet WASP-107b 
using data from the Hubble Space Telescope 
(13). However, the low resolution prevented a 
detailed study of the line triplet, including its 
shape, depth, and temporal behavior. 

The Saturn-mass exoplanet WASP-69b orbits 
an active star with a period of 3.868 days (14). 
It is a suitable target for atmospheric studies, 
due to its large atmospheric scale height and 
high planet-to-star radius ratio, facilitating the 
detection of 5.8 + 0.3% excess absorption in 
the Na D line (/5). We used the CARMENES spec- 
trograph to observe two transits of WASP-69b 
on 22 August 2017 and 22 September 2017 
(night 1 and night 2, respectively) (see table 
S1 for the observing log). The observations 
spanned approximately 4 hours for each epoch, 
which covered the full transit and provided 
a before- and after-transit baseline. In total, 66 
spectra were recorded, 31 of them out-of- 
transit spectra. 

The wavelength region surrounding the He 1 
feature is affected by emission and water vapor 
absorption lines originating from within Earth’s 
atmosphere (fig. S1). Although these lines are 
spectrally separated from the He 1 triplet, we 
corrected for the effect of water absorption using 
the European Southern Observatory (ESO) tool 
Molecfit (16) and for the sky emission lines using 
an empirical model derived from the data (7). 
After this correction, we performed continuum 
normalization and brought the spectra to the 
stellar velocity rest frame. We then computed 
a master out-of-transit spectrum (Foy), which 
was used to normalize all spectra, following 


Fig. 1. Illustration of the exoplanet WASP-69b (black) and its extended helium atmosphere (gray-blue) at the different contact points. Shown 
are the first (11), second (T2), third (T3), and fourth (T4) contacts of the broadband planet transit and also the moment when the tail has passed the 


stellar disk, T4, helium: 22 + 3 min after Ty. 
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standard analysis methods (J, 15). The resulting 
residual spectra contain the exoplanet absorp- 
tion signal (fig. $2). We shifted them into the 
planetary rest frame and computed the trans- 
mission spectrum by co-adding all residual 
in-transit spectra (Fin/Fout) obtained between 
second and third contact (Fig. 1), ie., when the 
planet disk was fully in front of the stellar disk. 

The combined transmission spectrum for the 
two nights is shown in Fig. 2. An excess ab- 
sorption in the He 1 line at the level of 3.59 + 
0.19% was detected. The given uncertainty cor- 
responds to 1 standard deviation (lo) of the 
continuum flux. The signal was detected sepa- 
rately in each visit at 3.96 + 0.25% (lo) and 
3.00% + 0.31% (10) for nights 1 and 2, respec- 
tively (fig. S3). We modeled the transmission 
spectrum with three Gaussian functions with 
fixed amplitude ratios and relative wavelengths 
according to theoretical values for the He 1 
triplet (78, 19). We fitted a common line width, 
Doppler shift, and intensity of the lines (77) 
and determined parameter uncertainties by 
Markov chain Monte Carlo sampling (fig. S4). 
The best-fitting model indicates a net blueshift 
of -3.58 + 0.23 km s ‘| (where the uncertainty 
corresponds to the standard deviation of the 
posterior probability distribution). 

To examine the behavior of the helium ab- 
sorption over time, we constructed a light curve 
by summing the flux within a 0.04-nm-wide 
passband centered on the blueshifted core of 
the He 1 feature for each residual spectrum in the 
planet rest frame (15). The resulting light curves 
for each of the two nights are shown in Fig. 3. The 
helium absorption began shortly after the plan- 
et ingress, with no observable pretransit ab- 
sorption, and lasted for 22 + 3 min after the 
transit ended (fig. S5). This light curve behav- 
ior does not depend on the width of the chosen 
passband. By fitting the Rossiter-McLaughlin 
effect (RME), a deformation of the stellar lines 
caused by the planet occulting different parts 
of the rotating stellar surface during transit, for 
our visible channel radial velocity data (17) 
(fig. S6), we obtained midtransit times con- 
sistent with the known planet orbit. The signal 
of the RME corresponded with the predicted 
broadband transit duration of 2.23 hours (14), 
so we can be confident that the observed post- 
transit helium absorption is real. We used the 
RME curve to estimate the potential contam- 
ination of the transmission spectrum by the 
corresponding deformation of the stellar lines 
during transit; we found that the impact was 
negligible (17) (fig. S7). The He 1 Ds line at 587.6 nm 
and the Ca infrared triplet (IRT) at 849.8, 
854.2, and 866.2 nm, both indicators of stellar 
activity, showed no sign of active regions (17) 
(fig. S8). The time delay of the helium ingress 
and egress indicates that the distribution of 
helium around the planet is asymmetrical and 
that a cloud of gas is trailing the planet along 
its orbit (Fig. 1). We calculated the length of 
this tail as ~170,000 km, i.e., 2.2 times the 
planet radius (longer if tilted with respect to 
the planet’s orbit). Acceleration of the tail ma- 
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Fig. 2. Transmission spectrum between the second and third contacts of WASP-69b, 
showing planetary absorption in the He | triplet at 1083 nm. (A) The excess absorption of 
helium in the weighted-mean averaged transmission spectrum (black points) from two transit 
observations of WASP-69b (22 August 2017 and 22 September 2017) (see Fig. 1). The 
best-fitting model (red line) shows a net blueshift of -3.58 + 0.23 km s_1. The predicted positions 
of the helium triplet lines (1082.909 nm, 1083.025 nm, and 1083.034 nm) are indicated as 
vertical dashed blue lines. (B) The residuals of the data after subtraction of the model are 

shown in black, and the red line indicates the zero level. 


terial away from the planet could be the cause 
of the blueshifted absorption. This hypothesis 
is supported by the larger measured net blue- 
shift of -10.69 + 1.00 km s when only the 
helium tail is occulting the stellar disk (fig. S9). 
The tail length and velocities suggest that he- 
lium is escaping the planet (17). 

We also analyzed CARMENES transit obser- 
vations of the hot Jupiter-mass exoplanets 
HD 189733b and HD 209458b, the extremely hot 
planet KELT-9b, and the warm Neptune-sized 
exoplanet GJ 436b (fig. S10). GJ 436b and 
HD 209458b both show evaporation of hydrogen 
in the Lya line (20, 27), and KELT-9b is sur- 
rounded by a large cloud of evaporating hy- 
drogen absorbing in the Balmer Hoa line at 
656.28 nm (22). GJ 436b and HD 209458b are 
predicted to have large absorption depths in 
the He 1 line (~8% and ~2%, respectively) (9), 
although a previous study of HD 209458b did 
not detect any absorption (23). We did not de- 
tect He 1 absorption for most of these planets, 
with 90% confidence upper limits of 0.41% 
for GJ 436b, 0.84% for HD 209458b [i.e., in 
disagreement with the predicted levels (9)], 
and 0.33% for KELT-9b (fig. S10). However, we 
did detect helium absorption in HD 189733b 


at the level of 1.04 + 0.09% (24). A companion 
paper reports a similar detection of helium ab- 
sorption for the warm Neptune-sized planet 
HAT-P-11b (25). For our detections, we calculated 
the equivalent height of the He 1 atmosphere 
dpp, Le., the height of an opaque atmospheric 
layer that would produce the observed absorp- 
tion signal (table S2). For both WASP-69b and 
HD 189733b, we found dp, to be ~80 times as 
large as the atmospheric scale height Heq cal- 
culated for the respective planet’s deep atmo- 
sphere, i.e., in hydrostatic equilibrium (/7). 
For the other three planets, our upper limits 
correspond to no detections of features above 
~40 Hog: 

Why do similar hot gas exoplanets show such 
a range of helium absorption values? The ex- 
pansion of the escaping planetary atmosphere 
depends on parameters like the EUV irradiation 
and the planetary density (26), but the population 
of the helium triplet state depends on the ir- 
radiation at wavelengths <50.4 nm (9). Whereas 
GJ 436b and HD 209458b orbit very quiet stars 
(27, 28), the hosts of the planets in which he- 
lium is detected, i.e., WASP-69, HD 189733, 
HAT-P-11, and WASP-107, are all relatively active 
stars (14, 15, 29, 30). For Fig. 4A, we plotted the 
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Fig. 3. Spectrophotometric transit light curves of WASP-69b. We integrated the spectral flux in a 
0.04-nm-wide bin around the core of the planetary He | line for every observed spectrum over two 
transits, normalized by the continuum flux outside of the absorption feature. The first (T,), second 
(T2), third (T3), and fourth (T4) contacts of the planet transit are marked by dashed vertical lines. Two 
individual transit light curves are shown in black (night 1) and blue (night 2). The drop in flux from the 
continuum transit has already been removed, leaving the excess absorption due to helium. The 
continuum behavior is indicated by the horizontal yellow dotted line. The lo uncertainty intervals are 
shown as light blue and gray shaded regions. The excess absorption lasts until well after the stellar 
occultation by the planet has ended (T,), indicating that absorbing material is still in front of the 
star. We find the excess absorption ends 22 + 3 min after the planet's egress (T4, helium, vertical red 


dash-dotted line). 
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Fig. 4. Detected signals as a function of host star activity and received XUV,,. irradiation. The 
equivalent heights of the He | atmosphere 8p, normalized by one atmospheric scale height of the 
respective planet's lower atmosphere Hgg, are shown. For the two detections we plotted lo error 
bars, and for the nondetections we plotted upper limits corresponding to a 90% confidence level. 
(A) 5pp/Heg as a function of the host star activity index log(R Hx), where larger values indicate 
stronger stellar activity (31). The KELT-9 system is not plotted, because its log(R’4x) is not known. 
(B) 5pp/Heg as a function of stellar flux with a wavelength <50.4 nm at the distance of the planet 
orbit. The two strong detections of an extended helium atmosphere occur for the two planets having 
more active host stars and higher planetary XUVy, irradiation. 


normalized absorption altitude of helium dpp/Heq 
against the stellar activity index log(R yx) (3D. 
Our sample size was limited, but the detections 
succeeded for the planets with the more active 
stellar hosts, hinting at a relation between He 1 
detectability and host star activity. 

Low-mass stars (F-, G-, K-, and M-types) have 
a convective layer that, in combination with 
stellar rotation, produces phenomena asso- 
ciated with magnetic activity. The exterior layers 
of low-mass stars are (from inside to outside) 


1390 21 DECEMBER 2018 + VOL 362 ISSUE 6421 


photosphere, chromosphere, transition region, 
and corona. In general, activity in the chromo- 
sphere is detected in spectral features such as 
the activity indicator Ca 1 H and K doublet 
lines at 393.4 and 396.8 nm, whereas the tran- 
sition region and the corona produce emission 
in x-ray and EUV. The metastable 2°S helium 
triplet state, which is the lower level of the 
observed absorption lines, is populated via 
radiative ionization of He 1 by photons with 
wavelengths <50.4 nm followed by recombina- 


tion (32). Thus, a higher x-ray and EUV (<50.4 nm, 
hereafter XUVy.-) irradiation level should en- 
hance the formation of the He 1 triplet in 
atmospheres of hot gas planets. We calculated 
the XUV; flux received by all discussed plan- 
ets (table S3) at the separation of their orbit 
(17) (table S4). For Fig. 4B, we plotted the nor- 
malized He 1 atmospheric altitude 5z,/Heq for 
our measurements as a function of the XUVye 
flux. The line is detected for the planets re- 
ceiving the largest combined XUV), irradiation. 
These results indicate a dependence of the de- 
tectability of He 1 in planetary atmospheres on 
intense x-ray and EUV emission from the pa- 
rent star. 
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Magnetic reconnection is an energy conversion process that occurs in many 
astrophysical contexts including Earth’s magnetosphere, where the process can be 
investigated in situ by spacecraft. On 11 July 2017, the four Magnetospheric 

Multiscale spacecraft encountered a reconnection site in Earth’s magnetotail, where 
reconnection involves symmetric inflow conditions. The electron-scale plasma 
measurements revealed (i) super-Alfvénic electron jets reaching 15,000 kilometers per 
second; (ii) electron meandering motion and acceleration by the electric field, 
producing multiple crescent-shaped structures in the velocity distributions; and (iii) the 
spatial dimensions of the electron diffusion region with an aspect ratio of 0.1 to 0.2, 
consistent with fast reconnection. The well-structured multiple layers of electron 
populations indicate that the dominant electron dynamics are mostly laminar, despite 
the presence of turbulence near the reconnection site. 


agnetic reconnection, a large-scale plas- 

ma process that converts electro- 

magnetic energy to particle energy, 

is the dominant mechanism by which 

solar wind energy enters Earth’s mag- 
netosphere. This energy is subsequently dissi- 
pated by geomagnetic substorms and aurorae 
(1, 2). Although the consequences of recon- 
nection are large-scale, the process starts at 
the small ion scale, and even smaller, the 
electron-scale diffusion region (EDR). Studying 
the physical processes that cause magnetic re- 
connection requires determining structures 
and dynamics inside the EDR with sufficiently 
high-resolution plasma and field measure- 
ments (3), beyond the capabilities of previous 
spacecraft missions that have encountered the 
EDR (4-6). 

The Magnetospheric Multiscale (MMS) 
mission focuses on investigating two recon- 
nection regions known to exist around Earth: 
the dayside magnetopause and the nightside 
magnetotail, which host very different plas- 
ma parameter regimes. During its first phase 
(2015-2016), the four MMS spacecraft inves- 
tigated reconnection in the dayside magne- 
topause (3), where the inflow conditions are 
highly asymmetric, with different plasma and 
magnetic pressures in the two inflow regions. 
In dayside reconnection, magnetic energy con- 
version processes occur in two separated re- 


gions: the X-line, where the magnetic field 
reverses, and the electron flow stagnation 
point (7, 8). In its second phase (2017), MMS 
explored the kinetic processes of reconnec- 
tion in Earth’s magnetotail where the inflow 
conditions are nearly symmetric, the available 
magnetic energy per particle is more than an 
order of magnitude higher than on the dayside, 
and the X-line and stagnation point are coinci- 
dent (9). The amount of magnetic energy per 
particle in the magnetotail is comparable to 
that of the solar corona, where magnetic recon- 
nection also occurs. 

On 11 July 2017 at ~22:34 Universal Time (UT), 
MMS encountered an EDR when it detected 
tailward-directed ion and electron jets (nega- 
tive ion and electron bulk velocities, Vj, and 
Vey; Fig. 1, F and G) followed by earthward- 
directed jets, spanning a reversal of essentially 
the north-south component of the magnetotail 
magnetic field By (Fig. 1D) in an intense cur- 
rent sheet (large out-of-plane electron velocity 
Vem). We adopt an LMN coordinate system to 
orient the data to the usual 2D view of the mag- 
netic field near a reconnection X-line (Fig. 1J), 
with L in the outflow direction, M along the 
X-line, and N normal to the current sheet (10). 
The out-of-plane guide field ratio, By/B,, for 
this event is estimated to be small (<10%) (10). 
The spacecraft were in the magnetotail at a 
radial distance from Earth of 22 Earth radii. 
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Four-spacecraft timing of the flow and field 
reversals indicate that the structure moved 
away from Earth with velocity V;, ~ -170 km/s. 
These are signatures of a tailward retreat of the 
reconnection X-line past the spacecraft, as indi- 
cated by the MMS path in Fig. J (5, 6, 1I-16). 
Except for a brief excursion to the edge of the 
inflow region, seen in a small perturbation 
in magnetic field components beginning at 
22:34:00 UT (due to a flapping of the current 
sheet), the spacecraft stayed close to the neu- 
tral sheet (By = O plane), indicated by small 
values of |B,| (~O to 2 nT), during the flow and 
field reversal. These observations are consist- 
ent with crossing both ion and electron diffu- 
sion regions—an identification that is supported 
by the profiles of the ion and electron flows: 
Vem peaked at ~ -15,000 km/s, within an order 
of magnitude of the electron Alfvén speed 
B/\/2tgoMeNe (where m, and 7, are electron 
mass and density), approximately 20,000 to 
25,000 km/s. Starting from the X-line (at the 
V.,, and B reversal location) and going left 


Fiber nen {Ex8},/1B) 
le 


— 
apg | mee? | 
; 


J 


Northern plasma sheet — 


Tallward exhaust VY. <0 


j Ve, 


20 


and right in Fig. 1H, the electron perpendicular 
outflow speed |V.,1| increased and greatly ex- 
ceeded the ion speed. While the ion outflow 
speed (|Vj,|; Fig. 1F) increased with increasing 
distance from the X-line, |V.,;| reached a peak 
(~7000 km/s) before slowing and approaching 
the ion flow speed at ~22:33:50 before, and 
~22:34:20 after, the X-line. Thus, the ends of the 
ion diffusion region, where the ion and electron 
outflow velocities are expected to match, are 
likely encountered near these times. The end of 
the electron diffusion region, on the other hand, 
marked by the departure of V., from E x B/B”, 
was confined to a much smaller interval around 
the X-line, where the electron density reached 
a symmetric minimum of 0.03 cm~? (electron 
inertial length d. ~ 30 km). 

Figure 2, A to J, and Fig. 3, A to E, display 
data from one of the spacecraft, MMS3, in and 
around the EDR, again in LMN coordinates. 
Figure 2, K to N, shows reduced electron dis- 
tribution functions (DFs) during the strong 
reconnecting current (Jy) at times before and 
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Fig. 1. MMS3 summary data near the crossing of the EDR at 

22:34:03 on 11 July 2017. (A and B) Energy-time spectrograms of ion 
and electron energy flux, respectively. (©) Magnetic field magnitude. 

(D) Components in the LMN coordinate system, which is very close to the 
usual Geocentric Solar Magnetospheric (GSM) system (10). (E) Electron 
density. (F) lon bulk velocity vector. (G) Electron bulk velocity vector. 

(H) The L component of ion and electron flow perpendicular to B, and 

of E x B/B?. (I) Electric field. (J) Illustration of a typical symmetric EDR 
in the LMN coordinate system, and the expected properties in various 
quadrants (Q1 to Q4), together with the inferred relative path of the MMS 
satellites as the X-line retreated tailward. 


during the peak of the quantity J-E’ (where 
E’ = E + V.. x B), which is the electro- 
magnetic energy conversion rate in the plasma 
frame, a signature of the EDR (J5). Although 
J-E’ is mostly positive throughout the period 
shown in Fig. 2, there are some regions with 
negative values, indicating that the electrons 
are transferring energy to the electromagnetic 
field, as seen also in simulations (77-19). Figure 
3C shows that at all spacecraft, the signs of Ey 
and By, were opposite, consistent with Ey con- 
verging toward the neutral sheet (B, = 0) from 
both hemispheres, as expected for symmet- 
ric reconnection with a minimal guide field 
(13, 15, 20, 21). MMS2 and MMS4 remained 
below the neutral sheet (B, < 0 and Ey > 0) 
in the vicinity of the EDR crossing, whereas 
MMSI1 and MMS3, located at higher N, made 
excursions above the sheet, where By > O 
and Ey < 0. This Ey field accelerates the neu- 
tral sheet electrons toward the inflow region, 
where they are accelerated along meander- 
ing trajectories (22) by the reconnection field, 
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Fig. 2. MMS3 plasma and field data for the interval 22:34:00 to 
22:34:08 on 11 July 2017. (A) Magnetic field components in LMN 
coordinate system. (B) Electron omnidirectional spectrogram, 

with minimum energy set at 50 eV to avoid the lower-energy 
spacecraft photoelectrons seen in Fig. 1B. (C) Electron bulk velocity. 
(D) L components of Ve, and E x B/B?. (E) Current from plasma 
measurements. (F) 7.), and T.,. (G) Electric field. (H) J-E’. (I and J) Electric 
and magnetic omnidirectional frequency spectrograms, respectively, 
showing the power spectral density of electric and magnetic field 
fluctuations. (K to N) Electron velocity distribution functions at the times 
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indicated. V,; is (b x v) x b, where b and v are unit vectors of B and V.; 
V.2 =v x b; and V, is the parallel electron velocity. V,; is essentially 

the E x B direction, and the bulk flow component in that direction is 
indicated by the dashed vertical lines. (0) Magnetic configuration of a 
computer simulation (10, 31), with color-coded reconnection current (Ju) 
and the inferred MMS trajectory overlain. (P to S) Reduced distribution f. 
near the green box in (O) from that simulation, with velocity axes (in ion 
Alfvén speed units) corresponding to those of the data in (K) to (N). The 
color code is the same as in (O), but with simulation units representing 
phase-space density, like those of (K) to (N). 
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Fig. 3. Field data and electron DFs for three MMS spacecraft on 

11 July 2017 for ~2 s around the EDR. Upper panels, for each spacecraft: 
(A) Components of B. (B) Electron bulk velocity. (C) E, where the 
reversal in Ey is seen on MMS3 and briefly MMS1, but not MMS2. 


Ey ~ 1 to 2 mV/m (Fig. 3, C and E) (JO). 
The electrons were eventually turned toward 
the L, or exhaust, direction by By as they 
exited the EDR, forming the electron jet 
seen in Figs. 2C and 3B on either side of 
the X-line. 

The electron temperature profile in Fig. 2F 
shows strong anisotropy from 22:34:01.0 
to 22:34:02.8 due to magnetic field-aligned 
electrons in the inflow region (4). During the 
EDR crossing, there was only a small rise (a 
few hundred eV) in parallel or perpendicular 
temperature (the parallel or perpendicular 
pressure divided by n,.), unlike the case of 
asymmetric reconnection (3), implying that a 
substantial fraction of the energy conversion 
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went into the strong electron flows in the M 
and L directions. 

The aspect ratio of the EDR is an approx- 
imate measure of the reconnection rate that 
has not been determined experimentally but 
has been studied theoretically and with sim- 
ulations (4, 20, 23). Four-spacecraft timing 
analysis of the By reversal near 22:34:02.2 
(see Fig. 2A) indicates that the X-line struc- 
ture was moving tailward (Vx,, L compo- 
nent of the X-line velocity, ~ -170 km/s). The 
EDR length can be estimated by multiplying 
Vx, by the 1/e width of Vey (~3 s; Fig. 2C), 
or by the |V.,| peak-to-peak time (~2 s; Fig. 
2D), yielding a full length of 350 to 500 km 
(12 to 17 d.). MMS also made a brief excur- 


(D) J-E’. (E) M component of E and -(V, x B). Lower panels from 
2.604 s to 2.784 s are the reduced (summed over V,2) electron 30-ms 
DFs in (Vj, Vii) for each spacecraft at the times between the dotted 
lines in the upper panels. 


sion into the EDR inflow region (beginning 
at ~22:34:01.0), indicated by the increase in 
|B,| and confirmed by the cooler electrons 
(Fig. 2B). By 22:34:02.2, the change in By, and 
the timing analysis (Vxy ~ -70 km/s) show the 
structure moving southward, giving MMS also 
a normal motion into the EDR, reaching the 
neutral sheet and the peak of the cross-tail 
current by 22:34:03.0. Using Ampere’s law (10), 
dividing the change in B, during this normal 
motion into the EDR (Fig. 2A, ~22:34:02.0 to 
22:34:03.0) by the average of Jy, yields a sim- 
ple estimate of the normal half-width of 30 km, 
~1 d. (10). Thus, the aspect ratio is ~0.1 to 0.2, 
implying a reconnection rate consistent with 
fast reconnection (24). 
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Multiple crescent- and triangular-shaped fea- 
tures in the DFs (Fig. 2, K to N, and lower 
panels of Fig. 3) are the result of electron me- 
andering motion in the electromagnetic field 
structure of the EDR. Figure 2L shows a DF 
taken at a location below (in NV) the EDR, which 
features multiple crescents, seen as enhanced 
phase-space density at increasing velocities, 
similar to predictions (25-27) and shown in 
Fig. 2Q from the simulation of Fig. 20 (0). 
Contrary to magnetopause observations and 
models (3, 28), we find more than one crescent. 
The observations show that crescents at higher 
V,, are broader in V,, than models predict; 
that is, particles with a larger range of V,5 
bounce more than predicted by the model by 
a factor of 2. A likely explanation is that the 
current sheet electron distribution is more en- 
ergetic than in the model, but the distributions 
may be sensitive to even a very small guide 
field (29). Models show that these crescents 
are generated by the interaction of bouncing 
electrons with both the normal (Zy) and the 
reconnection electric field (Ey), and their ex- 
istence is consistent with canonical momen- 
tum conservation. The observation of multiple 
crescents indicates that the rather complex 
electron orbits are relatively unperturbed by 
high-frequency fluctuations in the electromag- 
netic fields. This implies that turbulent effects, 
which would scatter electrons and hence elim- 
inate distinct phase-space features such as cres- 
cents, do not dominate the particle dynamics in 
the EDR. 

Figure 2, M and N, displays a second DF, taken 
near the X point, which features a pronounced 
triangular shape in the plane containing B, 
broader at higher energies. Figure 2N shows 
two enhancements at lower V,,; (seen at +V,», 
which is within ~20° of Vy) corresponding to 
inflowing populations from both above and 
below the X-line. These enhancements are 
similar to those that appear in the simulation 
shown in Fig. 2, O to S. In Fig. 2M, the tri- 
angular shape narrows in width as the energy 
increases, which also appears in the simulation 
(Fig. 2R). Bouncing electrons account for this 
feature: For each bounce, electrons gain succes- 
sively more energy from acceleration by the re- 
connection electric field. If electrons have a 
finite V,, they eventually interact with the mag- 
netic field in the outflow and are ejected from 
the immediate vicinity of the X-line. The accel- 
eration by the reconnection electric field and 
this ejection explain the triangular shape of 
the distribution: Only electrons with very small 
V, remain near the X-line long enough to ex- 
ecute multiple bounces and be accelerated to 
higher energies. 

The electron DFs of Fig. 3 (lower panels) 
show the evolution of the above features as 
MMS entered the EDR. From signatures of 
the inflow region (4), with DFs elongated 
along B (MMS1 and MMS32, first column, at 
22:34:02.514), the spacecraft, with MMS3 lead- 
ing, penetrated farther into the current layer 
and saw accelerated and gyrating electrons 
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growing in energy as time (and N position) 
increased, showing a perpendicular cres- 
cent with energy >1 keV (2 x 10* km/s). By 
22:34:02.724, all spacecraft were showing 
the perpendicular crescents, enhanced flow 
along the E x B direction, and also beaming 
features in the parallel directions. The par- 
allel beams may be responsible for the high- 
frequency electrostatic noise near the upper 
hybrid frequency (~1200 Hz), seen at this time 
in Fig. 2I (30). When the spacecraft were fully 
within the reconnecting current layer (Fig. 2B, 
22:34:02.694 to 22:34:02.757), there were higher- 
energy features rotating into both the V,, 
(~M) and V|, directions along with persistent 
counterstreaming, low-energy (~10,000 km/s) 
field-aligned beams. By 22:34:02.757, MMS3, 
which was deepest in the EDR, saw very en- 
ergetic electrons in V,; and also in the -V), 
direction; that is, these accelerated electrons 
were rapidly leaving the EDR region. The 
evolution of many such features can be seen 
in movie S1. 

MMS observations of the magnetotail recon- 
nection electron diffusion region show that it 
differs from that on the dayside because it in- 
volves symmetric inflow. The aspect ratio of 
the diffusion region (0.1 to 0.2), determined by 
MMS, is consistent with simulations of fast 
reconnection (7, 15, 17, 24). MMS observations 
of electron dynamics in the diffusion region 
match predictions made by one class of theo- 
ries and models: nearly laminar ones that assume 
that the effects of turbulence and associated 
fluctuations on the electron dynamics are small. 
Unlike the magnetopause results (3), we find 
that electrons can be accelerated up to three 
successive times by the reconnection electric 
field, possibly as a consequence of longer con- 
finement in the symmetric magnetic structure. 
Taken together with MMS observations at the 
magnetopause, these results provide confirma- 
tion that reconnection is an efficient mechanism 
for the release of magnetic energy, for both 
geomagnetic substorms and auroral phenome- 
na, and also discriminate between competing 
theories of reconnection. The energy width 
of the electron crescents differs from model 
predictions. 
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QUASICRYSTALS 


Single-component quasicrystalline 
nanocrystal superlattices through 
flexible polygon tiling rule 


Yasutaka Nagaoka’, Hua Zhu’, Dennis Eggert”?, Ou Chen’* 


Quasicrystalline superlattices (QC-SLs) generated from single-component colloidal 
building blocks have been predicted by computer simulations but are challenging to 
reproduce experimentally. We discovered that 10-fold QC-SLs could self-organize from 
truncated tetrahedral quantum dots with anisotropic patchiness. Transmission electron 
microscopy and tomography measurements allow structural reconstruction of the 
QC-SL from the nanoscale packing to the atomic-scale orientation alignments. The unique 
QC order leads to a tiling concept, the “flexible polygon tiling rule,” that replicates the 
experimental observations. The keys for the single-component QC-SL formation were 
identified to be the anisotropic shape and patchiness of the building blocks and the 
assembly microscopic environment. Our discovery may spur the creation of various 
superstructures using anisotropic objects through an enthalpy-driven route. 


quasicrystalline (QC) order possesses a 
striking rotational symmetricity, yet it has 
no transitional periodicity (, 2). The first 
experimental discovery of a QC structure 
was made by Shechtman e¢ al., who ob- 
served a selected-area electron diffraction pat- 
tern of Al-Mn alloys with a 10-fold rotational 
symmetry, which was strictly forbidden for per- 
iodic crystals (7). Soon after, scientists discovered 
8-, 10-, and 12-fold two-dimensional (2D) poly- 
gonal QC structures and 3D icosahedral quasi- 
crystals in a variety of intermetallic alloys (3). 
Subsequently, these findings led to studies that 
spread over a wide spectrum of research fields, 
including chemistry, materials science, mathe- 
matics, and even the arts (3-6). 
Superstructures created by self-assembling ob- 
jects at different length scales have attracted a 
great deal of scientific attention (7-11). Seminal 
discoveries of these fascinating structures have 
been presented using molecular and nanoscale 
building objects (12-17). However, examples of 
QC structures and their approximant orders 
created through bottom-up assemblies are still 
rare because of their metastability and high struc- 
tural complexity. Wasio et al. reported a supra- 
molecular assembly of a ferrocene derivative with 
a 10-fold QC order (7). Designed polymers have 
proved to be capable of self-organizing into 12-fold 
QC orders (18, 19). Talapin et al. pioneered the 
work of assembling inorganic colloidal nano- 
crystals (NCs) into 12-fold QC superlattices (SLs) 
using two different kinds of NCs with well- 
controlled size ratios (8). In the similar binary 
NC systems, Murray and co-workers proposed 
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new partial matching rules for generating QC- 
SLs with structural consistency over a large area 
(10). We reported 2D QC-approximant SLs and 
3D cluster-based supercrystals assembled from 
truncated tetrahedral quantum dots (TTQDs) (9). 
In addition to the experimental efforts, computer 
simulations have had a role in theorizing QC 
order formations (10, 20-22). Molecular dynam- 
ics computer simulations found a strong tenden- 
cy of QC order formations from single-component 
colloids (20-22). Glotzer and colleagues showed 
that roughly spherical solids could be assembled 
into structures as complex as a 3D icosahedral 
quasicrystal (20, 21). Despite these advances, QC 
structures from single-component NC building 
blocks were not explored experimentally, leaving 
NC assemblies behind atomic crystals and com- 
puter simulations. 

Here, we report the formation of large-area, 
10-fold QC-SLs assembled from single-component 
TTQDs. Transmission electron microscopy (TEM) 
and tomography reconstruction allowed us to 
make direct observations of the QC structures, 
from the NC packing to the atomic orientations 
of the individual particles in real space. In con- 
junction with small-angle electron diffraction 
(SA-ED) and fast Fourier transform (FFT) anal- 
ysis in reciprocal space, we found that the SL 
possessed a unique type of QC order. This 
discovery led us to propose a tiling concept 
that we call the “flexible polygon tiling rule.” 
Mechanistic studies demonstrated that the 
anisotropic surface tethers induced enthalpic 
patchiness of the TTQDs, which, combined 
with molecular microscopic environments at 
the assembly site, were responsible for the 
10-fold QC-SL formation. Our discovery shows 
the possibility of creating superstructural 
materials, otherwise inaccessible through iso- 
tropic counterparts, from anisotropic build- 
ing blocks even without the guidance of a 
unit cell. 


We synthesized wurtzite (WZ) TTQDs with a 
truncated tetrahedron shape, in which the three 
{1011},y, major facets were coated with oleic acid 
and one {0002}wz, facet was passivated by octade- 
cylphosphonic acid (ODPA) (Fig. 1A and figs. S1 
and S2) (23). The inorganic height of the TTQD 
was 6.7 + 0.4 nm along the [0002]wz, crystal di- 
rection. We assembled the TTQDs by a liquid/air 
interface method (24), in which we slowly evapo- 
rated (~6 hours) a cyclohexane solution that con- 
tained TTQDs (5.0 mg/ml) on the surface of an 
ethylene glycol (EG) liquid subphase (Fig. 1B). 
TEM measurements of the resulting thin films 
indicated continuous SLs with lateral dimen- 
sions up to ~50 um (Fig. 1B and figs. S3 and S4), 
but we did not identify translational periodicity 
(Fig. 1C). The SA-ED measurements we conducted 
were consistent with the real-space observations 
(Fig. 1C and figs. S3 to S5) as they displayed a 
diffraction spot pattern with a 10-fold rotational 
symmetry, suggesting a QC order. Detailed analy- 
sis of the ED pattern indicated that the major 
ED signals were located at 10-basis vectors of 
[cos(2nn/10), sin(2xn/10)] (Fig. 1C, pink, and 
fig. S5) with an expanded pentagon at a “golden 
ratio” of (1+ /5)/2 = 1.62 (fig. S5 and table S1). 
We observed two sets of weak satellite peaks at 
10-basis (Fig. 1C, orange) and 20-basis (Fig. 1C, 
blue) vectors of [cos(2nn/10 + 27/20), sin(2nn/ 
10 + 2n/20)] and [cos(2nn/20 + 27/40), sin(2nn/ 
20 + 27/40)], respectively (fig. S5 and table S1). 
This 10-fold symmetrical diffraction pattern with 
the presence of higher-order electron reflec- 
tions of the SL confirmed the QC order with a 
long-range structural consistency (Fig. 1C). Fur- 
thermore, the same QC superstructure was gen- 
erated when using larger TTQD building blocks 
with an inorganic NC height of 8.5 + 0.4 nm (figs. 
S6 and S7), proving the reliability of the forma- 
tion of QC-SLs. 

In-depth examinations showed that the QC- 
SLs we observed were patterned with decagon- 
derivative polygonal units (Fig. 1C). We used 
high-resolution TEM (HRTEM) to determine the 
atomic orientations of individual TTQDs in one 
polygonal unit. In addition to the 10 different 
atomic domains that we identified along the 
polygonal framework, there were two overlap- 
ping TTQD atomic orientations in the center 
(Fig. 1D, fig. S8, and table S2). The HRTEM re- 
sults and particle orientation simulations allowed 
us to reconstruct the TTQD packing model in 
each polygonal unit (Fig. 1E and fig. S8). In the 
model, the polygonal framework was formed 
by ring tetrahelices with ramifications (9), and 
the center was stacked vertically by two TTQDs 
(figs. S9 and S10). We found that all the TTQDs 
in the model had the preferred facet-to-facet align- 
ment (Le., {0002}wz-to-{0002}wz, and {1011} w,-to- 
{1011}, ) (Fig. IE and figs. S9 and S10). These 
results suggested that the formation of single- 
component 10-fold QC-SLs was induced by the 
anisotropic patchiness of the TTQDs (induced by 
the different surface molecular coatings and the 
intrinsic crystal dipole), where directional en- 
thalpic forces were in play for the nucleation and 
growth of the QC-SLs (9). 
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To better identify the TTQD packing in three 
dimensions, we used electron tomography meas- 
urements and computational 3D reconstructions 
to resolve the geometrical positions of individual 
TTQDs inside the SL (movies S1 and S2). The left 
panels of Fig. 2, A to F, show six representative 
horizontal slices of the measured QC-SL at dif- 
ferent vertical positions. Although the 10-fold ro- 
tational symmetry was retained across all of the 
reconstructed slices, a unique transition of the 
particle packing pattern was captured from 
the top to the bottom of the SL (fig. S11 and 
movies S1 and 82). The magnified reconstruction 
images (highlighted areas in the left panels of 
Fig. 2, A to F) show that the SL area contained 
six interconnected decagon-derivative units (the 
centers of each polygon units labeled by magenta 
color, Fig. 2G). In contrast to the appearance of 
the center particles in all slices, the surrounding 
polygonal framework pattern alternated from 
top to bottom as follows: 5-TTQD-pentagon in 
the top (first) slice (Fig. 2A), 10-TTQD-decagon in 
the second slice (Fig. 2B), and 5-TTQD-pentagon 
with a clockwise rotation of 36° with respect to 
the top pentagon (first slice) in the third slice 
(Fig. 2C). The same alternating pattern was re- 
peated in the fourth to sixth slices (Fig. 2, D to 
F), indicating an identical second deck of the 
assembled structure along the vertical direction 
of the SLs (Fig. 2H). We further confirmed this 
double-decker structure by the vertical recon- 
struction (side view) of the QC-SLs (Fig. 2I and 
movie S83), which displayed a four-layer TTQD 
stacking (two layers in each deck). On the basis 
of the TEM and electron tomographic results, 
we constructed a 3D computer model of the six 
interconnected, decagon-derivative polygons 
to represent the unique architecture of the 
assembly (Fig. 2, G and H). Both the horizon- 
tal and vertical slices obtained from the com- 
puter model proved the model’s correctness 
by matching the tomographic images perfectly 
(Fig. 2 and fig. S12). 

The 10-fold QC order that we observed does 
not fall into any category of reported decagonal 
QC orders. Thus, to better understand the ob- 
served QC order, we introduced a “flexible poly- 
gon tiling rule” tiling method. Analogous to the 
“phason flip” mechanism (25), in which the whole 
system gains additional stability through local 
configuration changes at the interface (25), the 
flexible polygon tiling imparts local stability by 
having a flexible interface. In detail, the rule is 
constituted as follows: (i) Orientationally rigid 
regular polygons with an even number (7) of 
edges shall be packed densely in a 2D space; (ii) 
when packing, two neighboring polygons may 
overlap with one or two edges, but no more than 
two edges; (iii) when no edge or one edge is 
overlapping, the two polygons remain intact; 
(iv) when overlapping with two edges, the over- 
lapped edges shall become flexible and transform 
into one straight edge (denoted as a “flexible 
edge”); (v) each polygon must have at least one 
flexible edge and at most n/2 flexible edges; 
and (vi) the generated tiling pattern has a QC 
order with n-fold rotational symmetry (Fig. 3, 
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A and B, and fig. S13). Note that because edge 
sharing while maintaining orientational rigid- 
ity is impossible for the polygons with an odd 
number of edges, this tiling rule is limited to 
the even-number-edge polygons. We verified this 
rule by using octagons, decagons, dodecagons, 
and tetradecagons as building units. We success- 
fully obtained 8-, 10-, 12-, and 14-fold QC orders, 
respectively, as confirmed by the corresponding 
FFT patterns (figs. S14 to S17). 

To apply this proposed QC tiling rule, we first 
extracted the center of each polygon in a 10-fold 


Oleic Acid 
{1011} facets 


~_ 


ae 


QC-SL TEM image, and then quantified the 
nearest (Fig. 3C, yellow lines) and the second 
nearest (Fig. 3C, blue lines) inter-polygon center 
distances to be 16.6 + 0.4 nm and 19.5 + 0.5 nm, 
respectively (Fig. 3D). This distance ratio was 
matched by the geometry-determined ratio of 
(cos 21/10)/(cos 2n/20) = 0.8507 for the deca- 
gonal center-to-center distances of one-edge 
(sharing one regular decagon edge) and two- 
edge (sharing one “flexible edge”) overlapping 
scenarios (Fig. 3A and fig. S18). Consequently, 
the center of each polygon with m “flexible edges” 


Ethylene glycol 


Fig. 1. 10-fold QC-SLs assembled from TTQDs. (A) Schematic illustration of an effective 
tetrahedral shape of a TTQD. The TTQD exhibits three major {1011} facets coated with oleic 
acid (blue) and one {0002} facet coated with ODPA (red). (B) Schematic illustration of the 
QC-SL formation at the liquid/air interface. (©) Representative TEM image of 10-fold 
QC-SLs and the corresponding SA-ED pattern (inset: pink, orange, and green cycles indicate 
10-basis vectors; blue cycles indicate 20-basis vectors). (D) HRTEM image of a decagon- 
derivative unit [square highlighted in (C)] with 10 atomic domains on the framework and 

2 in the center. Scale bar, 10 nm. (E) Computer-generated models (top and side views) 


of a decagon-derivative unit. 
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Fig. 2. Tomography recon- 
struction of the QC-SL 
with a double-decker 
stacking. (A to F) Horizontal 
slices at six different vertical 
positions showing the NC 
arrangement within the first 
to sixth layers shown in 

(H). Left: Snapshots of the 
tomographic movie. Center: 
Zoom-in images of the 
square-highlighted areas 

in left panels. Right: The 
corresponding horizontal 
slices from the computer- 
generated model shown 

in (G) and (H). (G and H) 

A computer-generated 
model of a double-decker 
QC-SL with six intercon- 
nected decagon-derivative 
units shown from a top 
view (G) and a side view 
(H). The centers of each 
polygon unit are labeled in 
magenta. (I) A vertical 
reconstruction slice of a 
double-decker QC-SL 
showing a four-layer TTQD 
stacking in the vertical 
direction (from top to 
bottom: green, blue, red, and 
yellow). Scale bar, 30 nm. 


would be tiled by a (10 — ™)-edge polygon with 
a uniform orientation. Following this procedure, 
a 2D TEM image of the QC-SLs was tiled by 
“flexible” polygons with five to nine edges (Fig. 
3C and fig. S19). Consistently, the FFT of the ob- 
tained tiling pattern showed a high degree of 
consistency with the measured SA-ED pattern 
and the FFT pattern of the corresponding TEM 
image (Fig. 3, E to G). In addition, we analyzed 
the angle distributions of the inter-polygon center 
directions. The angle distributions for both cases 
(one-edge and two-edge overlapping cases) showed 
a 10-fold rotational symmetry (Fig. 3H), yet there 
was an angle offset of 18.0° + 1.8° between the two 
cases (Fig. 3H and fig. S20). This angle analysis 
statistic was consistent with an overall 10-fold 
symmetry of the obtained TTQD assembled QC-SLs, 
which further validated our flexible polygon 
tiling rule. 

Studies using silica microbeads have shown 
that patchy colloids, as a result of their unique 
energetic characteristics (vibrational and rotation- 
al entropies), can self-organize into unconvent- 
ional structures more favorably than conventional 
lattices with equivalent potential energy upon 
crowding (26, 27). In our case, the shape of the 
particles and their associated anisotropic sur- 
face patchiness (i.e., ODPA on {0002}; and 
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oleic acid on {1011},7) proved to be mandatory 
in order to form the observed QC-SLs (9). When 
assembling the isotropic analogs (oleic acid- 
coated spherical QDs) with the same single- 
particle volume, a regular face-centered cubic 
SL was obtained (fig. $21). In addition, the se- 
lection of the liquid subphase was found to be 
vital (24, 28). In contrast to the 10-fold QC-SLs, 
a stack of monolayer hexagonal SLs was gen- 
erated when EG was replaced with diethylene 
glycol (DEG) (figs. S22 to $24 and movies S4 
and S5). This likely was due to the differences 
in their molecular structures; only the hydro- 
xyl group is present in EG, whereas DEG con- 
tains an additional ether group, which provided 
a higher aliphatic Hansch hydrophobicity (x = 
-0.71 for -COCHs versus -1.16 for -OH) (29, 30). 
The smaller x value for EG resulted in a lower 
interfacial surface energy (i.e., lower intermolec- 
ular affinity) between the solvent (cyclohexane) 
and the substrate (EG) (31), leading to a higher 
receding angle at the evaporation microsite (i.e., 
the SL formation site; see supplementary text) 
(32, 33). Consequently, the TTQDs could interact 
with each other freely in space, forming the 10-fold 
QC-SLs in a process that largely was driven by 
the directional enthalpic patchiness (Fig. 4, i) 
(9, 27). However, changing the liquid subphase to 


Top view 


Side view 


y 


Rotate 90° 


DEG resulted in a larger x value and thus a lower 
receding angle at the evaporation site, which 
limited the assembly space in the vertical 
dimension, thereby diminishing the inter- 
particle enthalpic interactions. In addition, 
the same larger x value translated to a stronger 
attractive Derjaguin-Landau-Verwey-Overbeek 
force, thereby inducing a higher affinity be- 
tween the ligand molecules on the surfaces of 
the TTQDs (i.e., oleic acid or ODPA) and the 
DEG liquid subphase, further minimizing the 
inter-TTQD interactions. Together, the for- 
mation of a hexagonal TTQD monolayer, dom- 
inantly driven by entropy, was favored (Fig. 4, 
ii). Consequently, upon further stacking, multi- 
layer hexagonal SL generation was obtained 
(Fig. 4, ii, and fig. S25) (32, 33). Likewise, 10-fold 
QC-SLs were formed on the surface of the 
glycerol, whereas a stack of monolayer hexago- 
nal SLs was generated on top of the tri- and 
tetra-EG, thereby validating the reliability of the 
formation mechanism (fig. $25). 

Our findings show that high-complexity super- 
structures can be obtained from single-component 
NC building blocks when anisotropic kinetic fac- 
tors are fueled. We anticipate that the newly dis- 
covered QC-SLs and the proposed “flexible polygon” 
aperiodic tiling rule will spur other interesting 
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Fig. 3. QC order generated et | 
through a flexible polygon Decagonal-unit 

tiling rule. (A) Schematic i 
illustration of the flexible 

edge transformation process 

for two-edge overlapping ee 
between two regular deca- Neighboring decagons 
gons. (B) Schematic demon-  B Decagon 

stration of a flexible decagon a) 
transforming into possible 
orientational rigid polygons 
with nine to five edges. 

(C) A TEM image showing 
the flexible polygon tiling 
steps. Larger orange spheres 
at top left indicate the 
centers of each polygon; the 
yellow and blue lines connect 
the two polygon centers 
with the nearest and second 
nearest inter—polygon center 
distance, respectively; the 
right side of the image is 
tiled by color-coded flexible 
polygons [same color coding 
as in (B)]. (D) Histograms 
of the length distributions 

of the nearest (yellow lines) 
and second nearest (blue 
lines) inter—polygon center 
distances. (E) FFT pattern 

of an artificial QC order 
generated from flexible poly- 
gon tiling as shown in (C). (F) SA-ED pattern obtained from the TTQD QC-SLs. (G) FFT pattern of a 10-fold QC-SL TEM image. (H) Angle distributions 
of the nearest (yellow) and second nearest (blue) inter—polygon center directions. 
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MOLECULAR MAGNETS 


Magnetic hysteresis up to 80 kelvin 
in a dysprosium metallocene 
single-molecule magnet 


Fu-Sheng Guo’, Benjamin M. Day”, Yan-Cong Chen*, Ming-Liang Tong**, 


Akseli Mansikkamiki**, Richard A. Layfield’* 


Single-molecule magnets (SMMs) containing only one metal center may represent the lower 
size limit for molecule-based magnetic information storage materials. Their current drawback 
is that all SMMs require liquid-helium cooling to show magnetic memory effects. We now 
report a chemical strategy to access the dysprosium metallocene cation [(Cp’""®)Dy(Cp*)]* 
(Cp’’®, penta-iso-propylcyclopentadienyl; Cp*, pentamethylcyclopentadienyl), which 
displays magnetic hysteresis above liquid-nitrogen temperatures. An effective energy 
barrier to reversal of the magnetization of Ue = 1541 wave number is also measured. The 
magnetic blocking temperature of Tg = 80 kelvin for this cation overcomes an essential 
barrier toward the development of nanomagnet devices that function at practical temperatures. 


he observation of slow magnetic relaxa- 

tion in coordination compounds that con- 

tain a single lanthanide ion stimulated 

considerable interest in monometallic single- 

molecule magnets (SMMs) (2). This family 
of materials shows magnetic hysteresis proper- 
ties that arise from the electronic structure at the 
molecular level rather than interactions across 
comparatively large magnetic domains (2-4). In 
addition to the considerable fundamental inter- 
est in SMMs and related magnetic molecules, 
their magnetic memory properties have inspired 
proposals for applications as spin qubits (5) and 
in nanoscale spintronic devices (6). A key per- 
formance parameter of an SMM is the magnetic 
blocking temperature, 7, one description of 
which refers to the maximum temperature at 
which it is possible to observe hysteresis in the 
field dependence of the magnetization, subject 
to the field sweep rate. The blocking temper- 
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ature provides a means of comparing different 
SMMs and, to date, the vast majority that show 
any hysteresis at all require liquid-helium cool- 
ing to do so (7, 8). A few notable examples have 
emerged from the extreme cold to set record 
blocking temperatures above the liquid-helium 
regime (9-12), including the dysprosium metal- 
locene [(Cp™),Dy][B(C6Fs)a] (Cp, 1,2,4+tri-tert- 
butylcyclopentadienyl), which showed magnetic 
hysteresis with coercivity up to 60 K (13-15); 
however, this threshold still falls markedly 
short of the more practically accessible 77 K 
temperature at which nitrogen liquefies. We 
now show that by designing the ligand frame- 
work so that two key structural parameters— 
that is, the Dy-Cp.ent distances (cent refers to 
the centroid of the Cp ligand) and the Cp-Dy-Cp 
bending angle—are rendered short and wide, 
respectively, we achieve an axial crystal field of 
sufficient strength to furnish an SMM that shows 
hysteresis above 77 K. 

A dysprosium metallocene cation was tar- 
geted with cyclopentadienyl substituents of suffi- 
cient bulk to produce a wide Cp-Dy-Cp angle, but 
not too bulky to preclude close approach of the 
ligands. Thus, the borohydride precursor complex 
[(n?-Cp”"?)Dy(?-Cp*)(BH,)] (2) (Cp, penta- 
iso-propylcyclopentadienyl; Cp*, pentamethylcyclo- 
pentadienyl) was synthesized by treating [Dy(n°- 
Cp"*"®)(BH,)o(THF)] (1) with KCp* (Fig. 1). The 


molecular structures of 1 and 2 were deter- 
mined by x-ray crystallography (figs. S4 and S5 
and tables S1 to $3). The target compound [(n- 
Cp*)Dy(n?-Cp””)][B(CsF;)4] (3), hereafter abbre- 
viated [Dy-5*][B(C.F;)4], was then isolated in 
60% yield by treating 2 with the superelec- 
trophile [(Et3Si)o(u-H][B(C,F5)4] (Et, ethyl) (6). 
An x-ray crystallographic analysis of the molec- 
ular structure of 3 at 150 K (Fig. 1, figs. S6 and S7, 
and tables S1 and S4) revealed that the Dy-5* 
cation features Dy-Cp* and Dy-Cp”” distances of 
2.296(1) and 2.284(1) A, respectively, which are, on 
average, 0.026 A shorter than the analogous 
distances of 2.32380(8) and 2.30923(8) A deter- 
mined for [(Cp™),Dy]* (13). Furthermore, the Cp- 
Dy-Cp angle in Dy-5* is 162.507(1)° and hence 
almost 9.7° wider than the angle of 152.845(2)° 
found in [(Cp™),Dy]*. On the basis of these struc- 
tural parameters, the crystal field in Dy-5* should 
be stronger and more axial than in [(Cp™).Dy]", 
and hence, an improvement in the SMM proper- 
ties can be expected. 

The dc molar magnetic susceptibility (7) was 
measured for compounds 1 to 3 in the temper- 
ature range of 2 to 300 K using an applied field 
of 1000 Oe, and the field dependence of the 
magnetization for 1 and 2 was measured at T = 
2 and 5 K using fields up to 70 kOe (figs. S8 to 
$12). A description of the properties of 1 and 2 
is provided in the supplementary materials. For 
3, the xT value was measured to be 13.75 cm? K 
mol? at 300 K and then manifested a steady 
decrease down to 75 K. At lower temperatures, 
a sharp drop in yyT was observed, indicating 
the onset of magnetic blocking, with a value of 
0.94. cm? K mol! reached at 2 K. Overall, the de 
magnetic properties of compounds 1 to 3 are 
typical for a monometallic complex of Dy?* 
with a Aisa ground multiplet (77). The SMM 
properties of compounds 1 to 3 were then es- 
tablished through measurements of the in-phase 
(the real component, x’) and the out-of-phase (the 
imaginary component, x") ac susceptibilities as 
functions of the ac frequency (v) and tempera- 
ture, using an oscillating field of 5 Oe and zero 
applied dc field (figs. S13 to $28 and tables S5 to 
87). Focusing again on 3, the y'(v) isotherms 
show well-defined maxima up to 130 K (Fig. 2). 
The x'(v) and y"(v) data were then used to 
derive Cole-Cole plots of x(x’) for relaxation in 
the temperature range of 82 to 138 K in intervals 
of 2 K, with each plot adopting a parabolic shape 
(figs. S26 to S28). Accurate fits of the ac suscep- 
tibility plots were obtained using equations 
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Fig. 1. Synthesis and molecular structures. (A) Reaction scheme for the synthesis of 3. (B) Thermal ellipsoid representation (50% probability) of the molecular 
structure of the Dy-5* cation in 3, as determined by x-ray crystallography {for clarity, the hydrogen atoms and [B(CeéFs)4] counter anion are omitted}. 


describing y' and y” in terms of frequency, the 
isothermal susceptibility (x7), adiabatic suscepti- 
bility (ys), the relaxation time (t), and the fitting 
parameter o to represent the distribution of re- 
laxation times (eqs. S1 and $2) (78). 

The resulting values of a = 0 to 0.027 indi- 
cate a very narrow range of relaxation times 
in the high-temperature regime. The relaxation 
times at temperatures in the range of 2 to 83 K 
were determined in intervals of about 5 K from 
plots of the magnetization decay versus time 
(figs. S29 to S48 and table S8). These data show, 
for example, that the magnetization in 3 decays 
almost to zero over a 50-s time period at 77 K, 
increasing to about 500 min at 15 K. The tem- 
perature at which t = 100 s is 65 K. The relaxation 
times determined from the ac and de measure- 
ments were then combined to obtain further 
insight into the magnetic relaxation by plotting 
tas a function of 7” (Fig. 2), which revealed a 
strong, linear dependence of the relaxation time 
on temperature in the range of 55 to 138 K. The 
+(T) plot in the range of 10 to 55 K is curved in 
nature and represents an intermediate regime 
before purely temperature-independent relax- 
ation is observed below 10 K. The relaxation 
time can be expressed as tT! = tobe Ver /to? 
Cr+ Tor , in which the first term represents 
Orbach relaxation with Uz as the effective 
energy barrier to relaxation of the magneti- 
zation (Xz, Boltzmann constant), the second 
term represents the contribution from Raman 
processes (C, the Raman coefficient; n, the 
Raman exponent), and the third term represents 
the rate of quantum tunneling of the magneti- 
zation (QTM). Using this equation, an excel- 
lent fit [adjusted coefficient of determination 
(R?) = 0.99958] of the data was obtained with 
1] = 4.2(6) x 10°” 8; Uee = 1541011) em™; C = 3.1 
() x 10% s*K™ and n = 3.001); and tepy = 2.5 
(2) x 10* s. The Ue value determined for 3 
exceeds the value of 1277 cm™ determined for 
[(Cp™)sDy][B(C6F5)4] by about 20% (13). 

Potential applications of SMMs in informa- 
tion storage devices rely on the occurrence of 
magnetic remanence and coercivity; therefore, 
the hysteresis is a critical consideration (79). 
For 3, using a relatively fast field sweep rate of 
200 Oe s' revealed M(H) hysteresis from 2 up 
to 85 K, with the loops gradually closing as 
the temperature increased (Fig. 3, A and B). At 
these temperature limits, coercive fields (H,) 
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Fig. 2. Dynamic magnetic properties. (A) Frequency dependence of the out-of-phase yy molar 
magnetic susceptibility for 3, collected in zero dc field at ac frequencies of v = 0.1 to 1488 Hz from 
82 K (green trace) to 138 K (purple trace) in 2 K intervals. Solid lines represent fits to the data 
using eqs. S1 and $2, with adjusted R* = 0.99823 to 0.99988. (B) Temperature dependence of the 
relaxation time for 3. The red points are from the ac susceptibility data, and the blue points are 


from measurements of the dc magnetic relaxation time. The solid green line is the best fit to 
ti = tote Ue/KeT + CT" + tohy, using the parameters stated in the text. 


of 50 kOe and 210 Oe (5.0 T and 21 mT), respec- 
tively, were measured (Fig. 3C, fig. S49, and 
table S9). Fixing the temperature at 77 K, a re- 
duction in the sweep rate resulted in the co- 
ercive field approximately halving with the 
rate, that is, H,. = 5802 Oe at 700 Oe s’, 2946 
Oe at 350 Oe s’, 1688 Oe at 200 Oe s”’, 825 Oe 
at 100 Oe s 7, 398 Oe at 50 Oe ss’, and 191 Oe at 
25 Oe s? (fig. S50 and table S10). The 
observation of coercivity in 3 at 25 Oe s! is 
notable because this sweep rate is slower than 
the 39 Oe s' used to determine the blocking tem- 
perature of 60 K for [(Cp’).Dy][B(C6Fs)4] (13). 
At 80 K and 25 Oe s"’, a coercive field of 63 Oe 
was measured (Fig. 3D), and the loops were com- 
pletely closed at higher temperatures. Consistent 
with this finding, the field-cooled and zero-field- 
cooled magnetic susceptibilities for 3 diverged at 
78 K (fig. S51). By analogy with the development 
of high-temperature (high-7.) superconductors, 
we propose to designate the Dy-5* cation in 3 as a 
high-temperature, or high-7,, SMM. 

The importance of the strong axial crystal field 
in the Dy-5* cation combined with the absence 
of an equatorial field is illustrated further by 
comparing the Uz and Tz values for 3 with 
those of the precursors 1 and 2. In the case of 1, 
the Cp”” ligand provides a strong axial field, 
but the pseudo-octahedral coordination geom- 
etry introduces a non-negligible equatorial field 


and, although slow magnetic relaxation in zero 
field is observed with this system, the positions of 
the maxima in y"(v) are temperature-independent 
up to 10 K and only observed up to 30 K (figs. $13 
to S16). The resulting energy barrier of 241(7) cm™ 
is comparatively small, and the rate of QTM is, 
at 5.0(1) x 10°? s (fig. $17), some seven orders of 
magnitude faster than found with 3. The com- 
peting equatorial field in 2 is more prominent, 
because the maxima in y'(v) are very weakly 
temperature-dependent from 3 to 20 K, with 
the resulting energy barrier a negligible 7(1) cm 
(figs. S19 to S22). In both 1 and 2, the M(H) hys- 
teresis loops collected at 2 K and 200 Oe s™ are 
waist-restricted, with no coercivity and only small 
openings as the field magnitude increases (figs. 
S18 and S23). 

Ab initio calculations have enabled quanti- 
tative analysis of the properties of SMMs on a 
microscopic scale (20), particularly systems with 
1-bonded organometallic ligands (21-30). Cal- 
culations on the Dy-5* cation were performed at the 
XMS-CASPT2//SA-CASSCF/RASSI level (37, 32): 
The resulting energies, principal components 
of the g-tensors, and the principal magnetic 
axes of the eight lowest Kramers’ doublets in 
Dy-5* corresponding to the crystal-field (CF) states 
of the "Hysyo ground multiplet are listed in table 
S11. The principal magnetic axis in the ground 
doublet of Dy-5* (Fig. 4) is projected toward the 
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Fig. 3. Magnetic hysteresis properties of 3. (A and B) Magnetization versus field hysteresis loops 
in the temperature ranges of 2 to 75 K (A) and 75 to 85 K (B) using a field sweep rate of 200 Oe st. 
(C) Expansion of the hysteresis loops at 77 K showing the coercive fields. (D) Hysteresis loops at 


80 K using a field sweep rate of 25 Oe s7. 
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Fig. 4. Magnetic relaxation in the Dy-5* cation. (A) The principal magnetic axis of the ground 
Kramers’ doublet. (B) Relaxation mechanism for Dy-5*. Blue arrows show the most probable 
relaxation route, and red arrows show transitions between states with less probable, but non- 
negligible, matrix elements; darker shading indicates a higher probability. 


centroids of the two cyclopentadienyl ligands, 
with the principal axes of the next six doublets 
almost collinear and the largest deviation angle 
5.3° with the fifth doublet. The highest doublet is 
perpendicular to the ground doublet. 

The g-tensor of the ground doublet is calcu- 
lated to be perfectly axial, that is, g, = g,, = 0.000 
and g. = 20.000 (table S11), which is consistent 
with the experimental hysteresis measurements 
in which QTM is completely blocked at zero field. 
In the six lowest doublets, the CF is highly axial, 
and each state can be assigned to a definite pro- 
jection (greater than 96% character) of the total 
angular momentum, M, (table S12). The trans- 
verse components of the g-tensors increase rough- 
ly by an order of magnitude in each doublet upon 
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moving to higher energy. In the fifth doublet, the 
transverse components are non-negligible, and in 
the sixth doublet, the transverse components are 
large enough to allow considerable tunneling. In 
the two highest states, the axiality is weaker and 
considerable mixing occurs under the CF, which 
most likely results from the asymmetry of the 
coordination environment. 

The ab initio CF parameters were calculated 
for the Dy-5* cation following a previously estab- 
lished methodology (33, 34) and are listed in 
table S13. The off-diagonal elements of the CF 
operator clearly have non-negligible elements 
owing to the low C, point symmetry of Dy-5*; 
however, the axial second-rank parameter B3 is 
at least two orders of magnitude larger than 


any other parameter. This creates a highly axial 
CF environment despite the absence of point 
symmetry (or pseudosymmetry) that would be 
needed for a strictly axial CF. The off-diagonal 
elements of the CF play some role, and, in the 
higher-lying doublets of the ground multiplet, 
the axial nature of the CF is lost (vide infra). 
This demonstrates that strict point symmetry 
is not required to achieve a highly axial CF, pro- 
vided that the axial parameters are sufficiently 
strong in comparison to the other CF parameters 
arising from the low-symmetry components of 
the CF. 

The magnetic relaxation in the Dy-5* cation 

was studied further by constructing a qualita- 
tive relaxation barrier from the ab initio results, 
which follows a methodology in which the tran- 
sition magnetic moment between the different 
states was calculated and the relaxation path- 
way follows the largest matrix elements (Fig. 4B 
and table S14) (35). The results predict that the 
barrier is crossed at the fourth excited doublet, 
corresponding to a User value of 1524 cm™ for 
the Orbach process, which is consistent with the 
calculated g-tensors for this doublet and is in 
excellent agreement with the experimentally de- 
termined barrier height of 1541(11) cm™. To gain 
deeper insight into the nature of the spin-phonon 
relaxation, the first-order spin-phonon couplings 
with the optical phonons (approximated as the 
molecular vibrations) were evaluated from first- 
principles calculations (tables S15 to S18). In 
earlier work on [(Cp™).Dy]* (14), vibrations of the 
C-H oscillators in the Cp rings were recognized 
as the most important contribution to the Orbach 
relaxation, because they initiated the transition 
from the ground doublet to the first excited dou- 
blet. In the case of Dy-5*, these oscillators are 
absent, and the analogous transition from the 
ground to the first excited doublet is most likely 
initiated by out-of-plane vibrations of the Cp* 
ligand when comparing the frequency of these 
modes (632.9 and 640.5 cm’) to the calculated 
gap between the ground and first excited dou- 
blets (672 cm‘) (see movies S1 to $7). Because 
the out-of-plane vibrations couple strongly to 
vibrations of the Cp* methyl groups, it is con- 
ceivable that their energies can be tuned by 
choosing ligand substituents that would bring 
the vibrational modes out of resonance with the 
excitation gap. Such an approach should lead 
to further improvements in SMM performance 
beyond those of the Dy-5* cation and therefore 
enhance their potential for applications in mag- 
netic information storage materials. 
Note added in proof: A study describing the 
properties of related cationic dysprosium metal- 
locenes was recently published by Long, Harvey, 
and others (36). 
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MARINE PROTECTED AREAS 


Elevated trawling inside protected 
areas undermines conservation 
outcomes in a global fishing hot spot 


Manuel Dureuil’*, Kristina Boerder’, Kirsti A. Burnett”, Rainer Froese*, Boris Worm’ 


Marine protected areas (MPAs) are increasingly used as a primary tool to conserve 
biodiversity. This is particularly relevant in heavily exploited fisheries hot spots such 

as Europe, where MPAs now cover 29% of territorial waters, with unknown effects on 
fishing pressure and conservation outcomes. We investigated industrial trawl fishing and 
sensitive indicator species in and around 727 MPAs designated by the European Union. 
We found that 59% of MPAs are commercially trawled, and average trawling intensity 
across MPAs is at least 1.4-fold higher as compared with nonprotected areas. Abundance 
of sensitive species (sharks, rays, and skates) decreased by 69% in heavily trawled 
areas. The widespread industrial exploitation of MPAs undermines global biodiversity 
conservation targets, elevating recent concerns about growing human pressures 


on protected areas worldwide. 


n light of mounting anthropogenic pressures, 

spatial protection of sensitive habitats and 

species has emerged as a leading strategy to 

halt ongoing biodiversity loss, both on land 

and in the sea (7). However, it has been shown 
recently that about one-third of terrestrial pro- 
tected areas experience intense human pressure, 
potentially undermining global conservation tar- 
gets and sustainable development goals (2). We 
asked to which extent this conflict may also oc- 
cur in the ocean, using newly available satellite 
sensors that allow fine-scale, real-time quantifi- 
cation of industrial fishing effort from space (3). 
We focused on Europe, which is both a global 
hot spot of industrial fishing (3) and features ex- 
tensive marine protected area (MPA) networks 
that cover 29% of European Union (EU) terri- 
torial waters (4). 

According to International Union for the Con- 
servation of Nature (IUCN) guidelines, MPAs 
should be managed primarily for biodiversity con- 
servation objectives (5) and exclude environmen- 
tally damaging industrial activities in any of their 
six protected-area categories (table S1) (6). With 
respect to commercial fisheries in MPAs, recent 
IUCN guidelines clarify that “any fishing gear 
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used should be demonstrated to not significantly 
impact other species or other ecological values” 
(7). In the EU, a variety of different MPA types 
exist; although they may or may not adhere to 
nonbinding IUCN criteria (table S1), all feature 
biodiversity protection as a cross-cutting objec- 
tive (table S2) and contribute toward interna- 
tional conservation targets (8). Yet, many MPA 
types do not address commercial fisheries, which 
are often regulated under the EU Common Fish- 
eries Policy (table S2). 

By far the most common industrial fishing 
method in Europe is trawling (3), which targets 
mainly bottom-associated fishes, often with a high 
rate of unwanted bycatch (fig. $1). This fishing 
technique has been identified as a threat to many 
endangered species in Europe, including most 
elasmobranchs (sharks, rays, and skates) (9), and 
has well-documented impacts on seafloor bio- 
diversity (10), sensitive habitats, and indicator 
species (1). We directly quantified the extent 
of commercial trawling in the EU with respect 
to MPAs. We investigated associated changes 
in biodiversity using elasmobranchs as indicator 
species because they are particularly vulnerable 
to industrial exploitation and bycatch (12, 13), 
have one of the highest extinction risk among 
marine fishes in Europe (13, 14), and are gen- 
erally not targeted by EU MPAs (table S2). 

We quantified commercial trawling effort in 
the EU from automatic identification system 
(AIS) vessel tracking data at grid cells of 0.01° 
by 0.01° resolution for the year 2017, using a 
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neural network algorithm with 98% precision 
when run on test data (3). AIS is legally required 
for all EU industrial fishing vessels larger than 
15 m, accounting for 94% of commercial trawl- 
ing effort in our data. AIS data may miss some 
fraction of smaller artisanal boats, rendering our 
estimates of trawling effort conservative. All 
727 MPAs included in our study were classified 
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Fig. 1. Spatial distribution of marine protected areas, commercial 
trawling, and elasmobranchs in the European Union. (A) Commercial 
trawl fishing hours per 0.01° x 0.01° grid cell in 2017 (logio color scale). 
Existing MPAs as of 2016 are outlined with black borders. (Inset) 
Aggregate commercial trawling intensity (hours per square kilometer) 
across MPAs versus unprotected areas. (B) Elasmobranchs scientific 
survey abundance expressed as normalized multispecies catch per unit 
effort per 0.25° x 0.25° grid cell (square-root transformed color scale). 
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as 100% marine (no terrestrial components), were 
designated before 2017, and are registered in the 
World Database on Protected Areas, thus count- 
ing toward international biodiversity conserva- 
tion targets. 

We found that trawling efforts concentrated 
along coastlines of continental Europe and the 
United Kingdom (Fig. 1A), a pattern that is con- 
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sistent with other data sources (15-17). Aggregate 
commercial effort exceeded 1 million hours of 
trawling in 2017, with more than 225,000 hours 
occurring inside MPAs (Table 1). Trawling inten- 
sity (hours per square kilometer) across the en- 
tire MPA network was 38% higher inside MPAs 
compared with unprotected areas (Fig. 1A and 
Table 1) and 46% higher inside MPAs when 
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Grid cells in purple were surveyed, but no elasmobranchs were 
present. (Inset) The total elasmobranch research catch per haul inside 
versus outside MPAs, with 95% confidence limits. (©) MPA area 
(square kilometers), (D) commercial trawling intensity per trawled area 
(log. hours per square kilometer trawled), and (E) elasmobranch abundance 
index for each MPA type. The gray dotted line in (D) indicates the median 
commercial trawling intensity in nonprotected areas for reference. No data 
in (E) indicates MPA types that were not scientifically surveyed. 
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comparing trawling intensity per trawled area 
(Table 1). This suggests that MPAs do not reduce 
fishing pressure under current management. 
Elevated trawling intensity inside MPAs was 
especially pronounced in large-scale EU-wide MPA 
types, whereas untrawled MPAs were often small 
and designated by individual countries (Fig. 1, C 


and D, and fig. S2). Of all 727 MPAs, 489 were 
located in territorial waters (inside 12 nautical 
miles, 67%). 

The MPAs with highest commercial trawling 
effort were typically located along the continent- 
al coastline (fig. S3), were recently designated, 
and in IUCN categories II or V (fig. S4). No trawl- 


Table 1. Commercial trawling effort and elasmobranch catch from research surveys inside 
and outside of MPAs. Commercial trawling is given in hours for the year 2017. Grid cells 
encompass 0.01° longitude by 0.01° latitude. Research catch from scientific surveys is given for the 
years 1997 to 2016 in total number of elasmobranch specimens per 60-min haul duration. The 
abundance index is given as normalized total multispecies catch per unit effort (msCPUE). 

Area (square kilometers) and commercial trawling hours for MPAs were calculated by subtracting 
the nonprotected area or hours from the total study area or hours, to avoid multiple counts for 


MPA types whose areas overlap. 
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ing effort was detected in 295 of the 727 MPAs 
considered in this study, implying that at least 
59% of MPAs experienced commercial trawling. 
Of these 295 MPAs, 171 were located in territorial 
waters. MPAs with no commercial trawling were 
generally smaller and older and had some IUCN 
category assigned, yet only 40% had manage- 
ment plans, compared with 60% of commercially 
trawled MPAs (table S3). 

We addressed the cited IUCN criterion regard- 
ing fishing impacts on other species and ecolog- 
ical values (7) by assessing elasmobranchs inside 
and outside of MPAs and over time. We used 
randomized scientific trawl surveys by the Inter- 
national Council for the Exploration of the Sea 
(ICES) to estimate relative abundance for 20 
elasmobranch species (table S4) from 1997 to 
2016. Only surveys with gear types and depth ap- 
propriate to catch these species were considered. 
Data were normalized to avoid any one species 
dominating aggregate indices. 

Elasmobranchs were generally rare across the 
study area, particularly in heavily trawled areas 
(Fig. 1B). The primary aggregations west and 
south of the British Isles are in agreement with 
previously described hot spots (18), and British 
MPAs also had the highest abundance of elas- 
mobranchs (Fig. 1E and fig. S5). Elasmobranchs 
were caught in 141 (79%) of the 178 MPAs scienti- 
fically surveyed by ICES. Total elasmobranch 
catch per research haul was 2.3-fold higher out- 
side MPAs than inside (Fig. 1B and Table 1), and 
a normalized multispecies abundance index was 


Fig. 2. Abundance of threatened species 

in relation to MPAs. Proportional scientific 
survey catch per unit effort is given for 

each elasmobranch species inside versus 
outside MPAs. The sample size for each 
species is given in brackets. Colors represent 
the IUCN Red List status per species. 

CR, critically endangered; EN, endangered; 
VU, vulnerable; NT, near threatened; 

LC, least concern. 


21 DECEMBER 2018 « VOL 362 ISSUE 6421 1405 


RESEARCH | REPORTS 


Fig. 3. Relationship between elasmobranch 
abundance and commercial trawling. 

(A) Elasmobranch abundance index (scaled 
multispecies catch per unit effort) versus 
commercial trawling intensity (log. +1 hour km”) 
for all 392 ICES statistical management areas 
scientifically surveyed over the study area. The 
black line shows the predicted relationship of 
relative abundance and commercial trawling 
intensity for the average temperature and depth 
across management areas, with 95% confidence 
limits in gray (table S5). Red shading visualizes 
the density distribution of data points. (B) The 
temporal trend of elasmobranch mutispecies 
catch per unit effort is shown in ICES statistical 
management areas, with high (upper quartile, 
>0.616 hours km”) versus low (lower quartile, 
<0.037 hours km~*) commercial trawling intensity. 
Sample size of ICES statistical areas for each 
year is indicated below. 


24% higher outside of MPAs (Table 1). This con- 
servation paradox was especially pronounced for 
endangered and critically endangered species, 
which were all =5-fold more abundant outside 
MPAs (Fig. 2). 

Size, age, and management attributes of MPAs 
are all thought to drive conservation outcomes 
(19). Yet under current fishing pressure, only 
MPA size showed a positive trend with relative 
elasmobranch abundance in our study area (fig. S6). 
No clear pattern emerged between elasmobranch 
abundance and the age of the MPA, whether it 
was classified according to the IUCN categories 
or had a management plan (fig. $7). Of the 178 
MPAs scientifically surveyed, only 24 (or 13%) 
had no commercial trawling present, and in 10 of 
those MPAs, elasmobranchs have been reported. 
These untrawled MPAs had indeed higher aver- 
age elasmobranch abundance as compared with 
those of commercially trawled MPAs (fig. S8). 
Overall, elasmobranch abundance decreased with 
increasing trawling intensity both inside (fig. S9) 
and outside MPAs (fig. S10). 

After controlling for spatial autocorrelation 
and potentially confounding effects of habitat 
and climate, we found that commercial trawling 
was the strongest predictor of elasmobranch rela- 
tive abundance across the study area (P < 0.001) 
(Fig. 3A and table S5), with an average decrease 
of 69% across the observed gradient of trawling 
intensity (0 to 6.4 hours km™~™). Analyzing this 
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relationship over time, we detected no trend in 
relative elasmobranch abundance in areas with 
high trawling intensity but detected higher and 
increasing abundance in areas with low trawling 
intensity (Fig. 3B). These results further support 
the notion that elevated trawling effort in MPAs 
negatively affects sensitive species and ecological 
values and is thus conflicting with IUCN criteria. 

These data demonstrate that simply designat- 
ing areas as MPAs has little benefit for those 
species that require protection the most. That 
most major EU MPA types exhibit high trawling 
intensity (Fig. 1D and fig. $2) and do not address 
industrial fishing (table S2) leaves protected zones 
vulnerable to fishing effort aggregation and asso- 
ciated biodiversity impacts documented here. Our 
finding that 59% of studied MPAs are fished in- 
dustrially exceeds recently documented shortfalls 
on land, where 33% of protected areas are ex- 
posed to undue human pressures (2). A sectoral 
approach in which marine conservation mea- 
sures are implemented by EU member states, 
but fisheries are managed by a Common Fish- 
eries Policy, may drive this apparent disconnect. 
Last, the lack of transparent international MPA 
standards may further exacerbate this; we found 
that of 727 EU MPAs studied here, >50% do not 
report a management plan, >90% are not clas- 
sified according to IUCN criteria, and >99% have 
no information on no-take areas, according to 
the World Database on Protected Areas. We sug- 
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gest that better reporting and independent vet- 
ting of MPA standards is needed to assess the 
true value of the world’s increasing MPA coverage. 

Our results suggest that much of the EU’s spa- 
tially impressive MPA network is being affected 
more heavily than nonprotected areas by indus- 
trial fishing and, as such, provides a false sense 
of security about positive conservation actions 
being taken. This is not an isolated occurrence, 
as data from terrestrial protected areas (2) and 
marine case studies from elsewhere suggest 
(20, 21). Hence, internationally agreed-upon 
conservation targets under the Convention on 
Biological Diversity might be undermined by 
increasing human pressure, both on land and in 
the sea. Considerable work remains to be done to 
improve MPA policy, to develop and enforce mi- 
nimum standards for MPA designation and 
classification, and to make MPA regulations and 
management stronger and more transparent. 
This would help to ensure that international 
targets for increased protected area coverage 
translate into tangible benefits for biodiversity 
conservation and the recovery of threatened ma- 
rine wildlife. 
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Root branching toward water involves 
posttranslational modification 
of transcription factor ARF7 


Beatriz Orosa-Puente’*+, Nicola Leftley”+, Daniel von Wangenheim”+, Jason Banda”, 
Anjil K. Srivastava’, Kristine Hill’+, Jekaterina Truskina”*, Rahul Bhosale”, 

Emily Morris”, Moumita Srivastava’, Britta Kiimpers”, Tatsuaki Goh?"*§, 

Hidehiro Fukaki*, Joop E. M. Vermeer™’®, Teva Vernoux”, José R. Dinneny’, 

Andrew P. French”’®, Anthony Bishopp”, Ari Sadanandom’{, Malcolm J. Bennett”4 


Plants adapt to heterogeneous soil conditions by altering their root architecture. For 
example, roots branch when in contact with water by using the hydropatterning response. 
We report that hydropatterning is dependent on auxin response factor ARF7. This 
transcription factor induces asymmetric expression of its target gene LBD16 in lateral root 
founder cells. This differential expression pattern is regulated by posttranslational 
modification of ARF7 with the small ubiquitin-like modifier (SUMO) protein. SUMOylation 
negatively regulates ARF7 DNA binding activity. ARF7 SUMOylation is required to 

recruit the Aux/IAA (indole-3-acetic acid) repressor protein IAA3. Blocking ARF7 
SUMOrylation disrupts IAA3 recruitment and hydropatterning. We conclude that 
SUMO-dependent regulation of auxin response controls root branching pattern in 


response to water availability. 


he soil resources plants require, such as 
water, are often distributed heterogeneously 
(1). To aid foraging, root development is 
responsive to the spatial availability of soil 
signals (2, 3). Microcomputed tomography 
imaging revealed that soil-water contact affects 
root architecture, causing lateral roots (LRs) to 
form when roots are in direct contact with 
moisture (4, 5). This adaptive branching response 
is termed hydropatterning (4, 5). In this current 
study, we report the molecular mechanism con- 
trolling hydropatterning, revealing that core com- 
ponents of the auxin response machinery are 
targets for posttranslational regulation. 
The hydropatterning response can be mimicked 
in vitro by growing seedling roots vertically on 
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the surface of agar plates (4). Opposite sides of 
a root are either in contact with moisture 
(directly with the plate or via the meniscus) or 
exposed to air (fig. S1). To visualize whether 
primordia preferentially form on the side in con- 
tact with moisture, we transferred a root, includ- 
ing the gel it was growing on, into a light sheet 
fluorescence microscope to image young pri- 
mordia and measure their angle of outgrowth 
with respect to the agar surface (fig. S1). This 
revealed that LRs preferentially emerge from 
the side of the root in contact with moisture 
(Fig. 1A). 

What causes new primordia to form on the 
water-contact side of a root? Seedlings exposed 
to a hydropatterning stimulus exhibit an auxin 


response gradient across the root radius (4). 
Auxin regulates LR development (6). Auxin- 
responsive gene expression is regulated by a 
family of transcription factors termed auxin 
response factors (ARFs) (7). The model plant 
Arabidopsis thaliana contains five ARF tran- 
scriptional activating genes termed ARF5, -6, -7, 
-8, and -19 (8). To determine which ARF gene(s) 
controls hydropatterning, we phenotyped loss- 
of-function alleles. ARF7 mutants (8, 9) were all 
impaired (Fig. 1, A to C, and fig. S2), whereas 
hydropatterning was normal in mutants of other 
ARF family members tested (fig. S3). Hence, hy- 
dropatterning appears ARF7 dependent. 

ARF7 regulates LR initiation (6, 8, 10, 11). 
Network inference, chromatin immunoprecipitation- 
polymerase chain reaction (ChIP-PCR) valida- 
tion, and transcriptomic studies have revealed 
that ARF7 controls the auxin-dependent ex- 
pression of LR regulatory genes such as LBD16 
(fig. S4) (12). Like ARF7, LBDIG6 loss-of-function 
alleles /bd16-1 and lbd16-2 exhibit a hydro- 
patterning defect (fig. S5). ARF7 may therefore 
control hydropatterning in an LBD16-dependent 
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Fig. 1. Arabidopsis root A 
branching toward water is 
ARF7 dependent. (A and 

B) Cross-section schematic 
of a root growing on agar. 
The LR primordia outgrowth 
angle (yellow lines) in respect 
to the agar surface is quanti- 
fied from 3D light sheet micros- 
copy images of WT (A) and 


B arf7-1 


Contact 


arf7-1 (B) plants. (C) Hydropat- Cc P ep oo pie e a0 400 Elem 
terning bioassay of WT, arf7, WT a bas 
and arf7 overexpressing ARF7 rer b W% Contact 
(p35S::ARF7). Data shown are p858::ARF7 : oe 
mean values + SE. Statistical arft7-1 FPS 


differences were analyzed on D 
the percent of emerged LRs 
emerging toward either con- 
tact or air using an analysis of 
variance, Tukey’s HSD test 

(P < 0.05); statistically similar 
groups are indicated using 
the same letter. (D) Confocal 
image of Arabidopsis root 

tip expressing gLBD16-GFP. 
Gray boxed area highlights 
onset of LBD16-GFP 
expression in the elongation 
zone. (E to G) Maximum 
intensity projections of radial 
reslices obtained from light 
sheet fluorescent micros- 
copy—multiview imaging show 
the gene expression pattern 
of LBD16-GFP in WT (E), 

arf7 (F), and ARF7::ARF7- 
Venus (G) on the contact 
versus air sides. The numbers 
at the bottom of (E) and 

(F) display the index of 
asymmetry. Positive values 
correspond to an earlier 
expression beginning on the 
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gLBD16-GFP 


Contact Contact 


Contact 
gLBD16-GFP (WT) gLBD16-GFP (arf7-1) gARF7-Venus (WT) 


contact side; negative values show asymmetry toward the air side. Details are explained 


in figs. Sl and S6 to S8. Scale bars, 50 um. 


manner. LBD-like genes are differentially ex- 
pressed in maize during hydropatterning (5). 
To determine whether LBDI6 is differentially 
expressed in response to a hydropatterning 
stimulus by ARF7, we monitored spatial ex- 
pression of a gLBD16—green fluorescent protein 
(GFP) reporter (13). LBD16-GFP was first de- 
tected in the elongation zone (Fig. 1D and 
movie S1) in a subset of cells [termed xylem 
pole pericycle (XPP) founder cells, from which 
primordia originate], consistent with this re- 
porter being an early marker for LR develop- 
ment (13). In Arabidopsis, LRs originate from 
pericycle cells positioned above either xylem 
pole (6). We tested whether gLBDI6-GFP was 
differentially expressed in XPP cell files closest 
to the agar. To mark which side of a root was 
exposed to air, we overlaid samples with agar 
with a low melting point and containing flu- 
orescent beads and then imaged from multiple 
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angles using light sheet microscopy (figs. S6 to 
S8). Reconstructed root images revealed pref- 
erential gLBD16-GFP expression in XPP cell 
nuclei earlier on one side of wild-type (WT) roots 
(Fig. 1E). Asymmetric gLBD16-GFP expression 
was disrupted in a7f7-1 (Fig. 1F), consistent with 
the mutant’s hydropatterning defect (Fig. 1C). 
Quantification of LBD16-GFP distribution in 
WT and a7f7-1 revealed this reporter was dif- 
ferentially expressed in an ARF7-dependent 
manner (fig. S8, A to D and F). To test whether 
asymmetric LBD16 expression is essential for 
hydropatterning, the constitutive 35S promoter 
was used to drive LBD16 expression in lbd16 
(fig. S9). Expression of 35S:LBD16 failed to 
rescue the /bd16 hydropatterning defect (in con- 
trast to LBD16:LBD16-GFP). Hence, asymmetric 
LBDI6 expression is essential for hydropatterning. 

We next tested whether LBD16-dependent 
hydropatterning was controlled by means of 


differential ARF7 expression by using transcrip- 
tional and translational ARF7pro::ARF7-VENUS 
reporters (figs. S10 and S11). In contrast to 
gLBDI6-GFP (Fig. 1, E and F), ARF7 reporters 
did not exhibit differential expression in LR stem 
cells (Fig. 1G). To test whether ARF7 was a target 
of posttranslational regulation, ARF7 was consti- 
tutively expressed (using the 35S promoter) in 
arf7-1. This revealed 35S:ARF7 could rescue 
arf7-1 hydropatterning (Fig. 1C and fig. $12). 
Hence, ARF7 appears to control hydropattern- 
ing by means of a posttranslational (rather than 
transcriptional) mechanism. 

ARF7 contains posttranslational regulatory 
motifs including four putative sites for addition 
of small ubiquitin-like modifier (SUMO) pro- 
teins at lysine residues (K104, K151, K282, and 
K889) (Fig. 2A). SUMO, unlike ubiquitin, can 
modify the function (rather than abundance) 
of target proteins (/4). We confirmed ARF7 is 
a target for SUMOylation by coexpressing GFP- 
and hemagglutinin (HA) epitope-tagged ARF7 
and SUMO sequences (Fig. 2B). Addition of SUMO 
to ARF7 is abolished after replacing lysine with 
arginine in all four ARF7 SUMOylation motifs 
(in gARF7-“”*; Fig. 2B). 

To test the importance of ARF7 SUMOylation 
for LR development and hydropatterning, we 
expressed SUMOylatable gARF7 and non- 
SUMOylatable g4RF7-“* transgenes in arf7-I. 
Bioassays revealed a7f7 hydropatterning could 
be rescued by WT gARF7 (Fig. 2, C and D, and 
fig. $13) but not by gARF7-““* (Fig. 2, E and F, 
and fig. S14). Nevertheless, gA4RF7-“” (like gARF7) 
remained capable of restoring arf7 LR densi- 
ty to a WT level (Fig. 2F). Hence, ARF7-*8/R 
remained functional but unable to regulate hy- 
dropatterning. Quantification of LBD16-GFP dis- 
tribution in gARF7 versus gARF7-*/ ® arf7-1 
revealed that this reporter was differentially ex- 
pressed only in the presence of SUMOylatable 
ARF7 (fig. S8, A to C and E and G). We con- 
clude ARF7 SUMOylation is required for 
hydropatterning. 

How does SUMOylation modify ARF7 activ- 
ity? ARF7 is rapidly SUMOylated after auxin 
treatment (Fig. 2G). One ARF7 SUMOylation 
site (K151) is located within the DNA binding 
domain (Fig. 2A) (15). SUMOylation may at- 
tenuate auxin-induced ARF7 DNA binding ac- 
tivity. Time course ChIP-PCR analysis revealed 
ARF7 transiently interacts with the LBDI6 
promoter after auxin treatment (fig. S15). Fur- 
thermore, ChIP-PCR assays performed on LBDI6 
and LBD29 target promoters detected higher 
DNA binding by ARF7-““/®-GFP than WT ARF7- 
GFP (fig. S16). Hence, SUMOylation negatively 
regulates ARF7 DNA binding activity. 

ARF7 transcriptional activity is negatively 
regulated by Aux/IAA (indole-3-acetic acid) re- 
pressor proteins (J6). Aux/IAA proteins such as 
IAA3/SHY2 and IAA14/SLR control ARF7 activ- 
ity during LR development (J6, 17). Like arf7-1, 
IAA3 loss-of-function allele shy2-31 causes an 
LR hydropatterning defect (Fig. 3A and fig. S17). 
Thus, we tested whether interactions among 
ARF7, IAA3/SHY2, and IAA14/SLR were SUMO 
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Fig. 2. ARF7 SUMOylation regulates hydropatterning and DNA 
binding affinity. (A) Schematic of ARF7 domains and four predicted 
SUMO sites K104, K151, K282, and K889. (B) Replacing all ARF7 
SUMO site lysine with arginine residues in ARF7-GFP(4*K/R) blocks 
SUMOylation with HA-SUMO1 (but not WT ARF7 or single SUMO 
K104) in transient expression assays. YFP, yellow fluorescent protein. 
(C and D) Bioassays reveal that two independent transgenic lines 
expressing WT gARF7 can rescue arf7-1 hydropatterning (C) and 

LR density defects (D). n LR = 196 (Col-O), 78 (arf7-1), 292 (L4-4), and 
231 (L5-3); n plants = 7 (Col-O), 5 (arf7-1), 10 (L4-4), and 9 (L5-3). 


QARF7 (4*K/R) art7-1 


(E and F) Bioassays reveal that three independent transgenic lines 
expressing gARF7(4*K/R) cannot rescue arf7-1 hydropatterning (E) but 
do restore LR density (F). n LR = 374 (Col-O), 268 (arf7-1), 198 (L1-7), 
286 (L2-7), and 206 (L10-10); n plants = 12 (Col-O), 16 (arf7-1), 8 (L4-4), 
11 (L5-3), and 8 (L10-10). Data are mean values + SE, and statistics were 
performed as in Fig. 1C. (G@) Immunoprecipitation reveals that ARF7-GFP 
[but not ARF7-GFP(4*K/R)] is rapidly SUMOylated 15 min after 
naphthaleneacetic acid (NAA) treatment. (H) Immunoprecipitation reveals 
that ARF7-GFP [but not ARF7-GFP(4*K/R)] is rapidly SUMOylated 

20 min after seedlings were removed from their agar plates. 


Fig. 3. SHY2 interacts with ARF7 in a SUMO- A Emerged LR % B__ simprediction sites C IAA3 WT__ IAA3 SiM mutant 
dependent manner to control hydropatterning. 20 40 60 80 100 KDa GEP War-aa Wr aKa 

(A) Bioassay reveals that JAA3/SHY2 mutant allele Ler a 25— | 
shy2-31 does not exhibit a hydropatterning response. — shy2-31 = b Ce el Le 1AA3 
Data shown are mean + SE. Letters indicate a 15— anti-HA 


| Contact 
significant difference compared with WT (Ler) roots 


based on Student's t test (P < 0.05). n LR = 208 (Ler) 
and 604 (shy2-31); n plants = 7 (Ler) and 19 (shy2- 
31). (B) The JAA3 (but not IAA14) sequence contains a 
putative SIM, suggesting that IAA3 could bind 
SUMOylated ARF7. (C) Transient expression of IAA3/ 
SHY2-HA (WT-SIM) or IAA3/SHY2-HA (SIM mutant) 
with ARF7-GFP or ARF7-GFP(4*K/R), followed by 
immunoprecipitation and western analysis, revealed 
that IAA3 interacts with ARF7 in a SIM- and SUMO- 
dependent manner. (D) Phenotyping Arabidopsis 
seedlings expressing shy2-2 + SIM by using the 
endodermal CASP1 promoter revealed CASPI:shy2-2 
(WT) blocks LR branching (top), whereas CASPI:shy2-2 
(non-SIM) branch normally (bottom). Seedlings are 
from six independent lines terrned SIM-containing 
CASPI:shy2-2 (WT L1, L2, and L3) and non-SIM- 
containing CASPI:shy2-2 (SIML1, L2, and L3). 

(E) Schematic summarizing the SUMO-dependent 
ARF7 model for hydropatterning, in which ARF7 is 
SUMOylated on the air side of the root, resulting in an 
interaction with IAA3 that inhibits LR initiation. On the 
contact side of the root, ARF7 is not SUMOylated, 
enabling the transcriptional factor to activate expression 
of genes involved in LR initiation. 
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dependent. Pull-down assays revealed that ARF7- 
GFP interacted with IAA3/SHY2 and IAA14/SLR 
proteins (fig. S18). In contrast, non-SUMOylatable 
ARF7-“/8 largely failed to pull down IAA3/SHY2. 
However, both forms of ARF7 interacted with 
IAA14/SLR (fig. S19). Hence, interaction between 
ARF7 and JAA3/SHY2 (but not IAA14/SLR) 
depends on the residues that regulate ARF7 
SUMOylation. 

Bioinformatic analysis revealed that [AA3/ 
SHY2 (but not [AA14/SLR) contained a SUMO 
interaction motif (SIM) (Fig. 3B). With its SIM 
domain mutated, interaction between IAA3 and 
WT ARF7 was abolished (Fig. 3C). Nevertheless, 
the IAA3 SIM mutant protein could interact 
with the TIR1 auxin receptor and TPL tran- 
scriptional repressor (figs. S19 and S20). Hence, 
mutating the SIM site differentially affects [AA3’s 
ability to interact with SUMOylated ARF7 but 
not with other partners. 

To assess the functional importance of the 
IAA3 SIM sequence in planta, we engineered 
transgenic plants overexpressing shy2-2 with 
or without SIM sequences. We examined the 
impact of the SIM sequence on the suppres- 
sion of root branching characteristic of shy2-2 
mutant plants (78), a phenotype not dependent 
on hydropatterning. We drove overexpression of 
the shy2-2 gene with the endodermal-specific 
CASP promoter. More root branching is evident 
in roots of plants expressing pCASP:shy2-2 with- 
out the SIM sequence than in plants expressing 
PCASP:shy2-2 with the SIM sequence (Fig. 3D). 
Thus, overexpression of shy2-2 in endodermis 
can block ARF7-dependent LR development, but 
only if the SIM sequence is included. 

SUMO modifiers are added and removed from 
target proteins by E3 ligases and SUMO prote- 
ases, respectively. In Arabidopsis, OTS1 and OTS2 
proteases cleave off SUMO from nuclear local- 
ized proteins (79). Pull-down assays revealed 
ARF7 is a direct target for OTS1 (fig. $21). Our 
bioassays revealed that the ots1 ots2 mutant 
exhibits a hydropatterning defect (fig. S22). 
Hence, hydropatterning appears dependent 
on OTS1 and OTS2 function. These SUMO 
proteases are labile when plants are exposed 
to abiotic stress, causing their SUMOylated 
target proteins to accumulate (19, 20). Indeed, 
transiently exposing gA4RF7-GFP seedlings to 
20 minutes outside an agar plate resulted in a 
rapid increase in ARF7 SUMOylation (Fig. 2H). 
Hence, the absence (rather than the presence) 
of water stimulates this posttranslational re- 
sponse. Modeling suggests a substantial differ- 
ential in water potential is generated across the 
air and contact axis of the root (5). We hy- 
pothesize that this triggers SUMOylated ARF7 
on the air side of roots to recruit IAA3 and cre- 
ate a transcriptional repressor complex, thereby 
blocking auxin-responsive gene expression 
associated with LR initiation (Fig. 3E). Con- 
versely, because IAA3 cannot be recruited by 
non-SUMOylated ARF7 in root cells on the 
contact side, this population of transcription 
factors can induce expression of genes like LBDI6 
to trigger organ initiation (Fig. 3E). 
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Our study has revealed how environmental 
inputs modulate the auxin response machinery. 
The SUMO-mediated posttranslational regula- 
tion of auxin signaling operates on top of the 
specificity provided from distribution of the 
hormone itself and the expression patterns of 
individual regulatory components. Thus, auxin 
regulation controls root branching pattern in 
response to water availability, building a root 
architecture that optimizes access to water. 
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SOCIAL NETWORKS 


The strength of long-range ties 
in population-scale social networks 


Patrick S. Park’*, Joshua E. Blumenstock”, Michael W. Macy®** 


Long-range connections that span large social networks are widely assumed to be weak, 
composed of sporadic and emotionally distant relationships. However, researchers 
historically have lacked the population-scale network data needed to verify the predicted 
weakness. Using data from 11 culturally diverse population-scale networks on four 
continents—encompassing 56 million Twitter users and 58 million mobile phone 
subscribers—we find that long-range ties are nearly as strong as social ties embedded 
within a small circle of friends. These high-bandwidth connections have important 
implications for diffusion and social integration. 


ver the last 40 years, the social sciences 
have embraced the counterintuitive the- 
sis that individuals are more likely to ac- 
quire new information from a weak social 
tie to an acquaintance than from a strong 
tie with a close friend or family member (7). The 
reason is straightforward: Information that one 
acquires from within a “small circle of friends” 
is more likely to be redundant than informa- 
tion acquired from an acquaintance in a distant 
region of a social network. Thus, the prevail- 
ing consensus, dating back to Granovetter’s semi- 
nal thesis (J), is that there is a trade-off between 


the diversity of information acquired through 
weak bridging ties (inking individuals whose 
social circles do not overlap) and the volume of 
information, or bandwidth, acquired through 
strong, structurally embedded ties (between 
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Fig. 1. Tie range is defined 
as the second-shortest 
(blue) path length 
between two connected 
(red) nodes. 


Tie Range = 2 


individuals with at least one friend in common) 
(2-4). 

This diversity-bandwidth trade-off is empir- 
ically supported by studies showing that tie 
strength decreases as social ties become less 
embedded, i.e., as they connect individuals with 
fewer network “neighbors” in common (5). By 
extrapolation, tie strength should decrease fur- 
ther between individuals who do not even have 
“neighbors of neighbors” in common; that is, 
as the network distance, or range of the tie, in- 
creases. Tie range is defined as the second-shortest 
path length, i.e., the number of intermediary ties 
required to reach from an individual node to its 
neighbor if their direct tie were removed (1, 6) 
(Fig. 1). 

The diversity-bandwidth trade-off has been 
widely tested and confirmed for small networks 
with embedded and unembedded short-range 
ties (2). Until recently, however, it has been dif- 
ficult to empirically test whether the trade-off 
applies to long-range ties because of the inability 
to obtain data for the population-scale social 
networks in which long-range ties can be found. 
In theory, a long-range tie could be found in a 
relatively small ring lattice. However, the ten- 
dency for social networks to be highly clustered 
means that long range-ties are rarely observed 
in networks with no more than a few thousand 
nodes, such as villages, schools, and workplaces. 
Thus, the existence of long-range ties has been 
largely a postulate of the “small world” puzzle 
of “six degrees of separation,” which refers to 
the minimum number of intermediate ties be- 
tween any two people on the planet. Watts and 
Strogatz (7) used simulations to show that the 
six degrees phenomenon could be explained by 
long-range ties, but the ties themselves were 
never directly observed. Since then, several studies 
have confirmed the six (or fewer) degrees of 
separation in a variety of contexts, including 
email networks (8), MSN Messenger (9), and 
Facebook (10). Although these results are con- 
sistent with the postulated existence of long- 
range ties, their prevalence and strength have 
not been directly measured, and other studies 
demonstrate that heavy-tailed degree distri- 
butions could also account for six degrees, even 
in the absence of long-range ties (JJ, 12). 

We report direct evidence of long-range ties 
in social networks, made possible by analyzing 
11 population-scale communication networks 
from culturally and economically diverse popu- 
lations spanning four continents: three indepen- 
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dent nationwide phone networks (in Afghanistan, 
Rwanda, and a large European country), as well 
as 56 million Twitter users in eight countries (fig. 
S1) with relatively high Twitter penetration (United 
States, United Kingdom, France, Netherlands, 
Japan, South Korea, Singapore, and Turkey). De- 
tails of data collection and measurement are pro- 
vided in supplementary materials (SM) section 1. 

The data confirmed, at a global scale, previous 
findings that social ties tend to be weaker (lower 
call volume and fewer tweet exchanges) when 
people share fewer common neighbors (J, 5, 13). 
This was evident in all 11 networks (fig. S2). How- 
ever, our focus was on testing whether tie strength 
declined with tie range. Tie strength declined 
as range increased from two (the theoretical 
lower bound) to four (the upper bound on what 
is likely to be observable in small local networks) 
in all three phone networks and most of the 
Twitter networks (Fig. 2). 

What happened above range four, the region 
that is difficult to observe without population- 
scale networks, was especially notable. Instead of 
declining further, tie strength increased with 
the network distance spanned, especially in the 
phone networks (Fig. 2B). Figure S3 shows that 
ties with range six or greater were approximately 
as strong as embedded ties with one common 
neighbor in all three phone networks and in 
three out of the eight Twitter networks (Japan, 
South Korea, and the Netherlands). 

We refer to these high-bandwidth long-range 
ties as network “wormholes,” borrowing the 
term from cosmology to capture the possibility 
that, though relatively rare (fig. $4), long-range 
ties can provide high-bandwidth shortcuts across 
vast reaches of network space. To illustrate, Fig. 3 
depicts Singapore’s Twitter network (the small- 
est of the networks), in which a tie is composed 
of one or more reciprocated @mentions. The 
wormholes, defined here as ties above range six 
and above median tie strength, are shown with 
curved yellow edges and represent only 0.46% 
of all ties. The inset shows how network worm- 
holes can substantially shrink networks by di- 
rectly linking nodes that would otherwise be 
connected by a long chain of intermediary links. 

The unexpected strength of long-range ties 
has implications for two related puzzles on the 
diffusion of new information. Figure 4 addresses 
these puzzles by decomposing Fig. 2 into the 
within- and between-individual variation. The 
within-individual analysis compares the strength 
of each individual’s short- and long-range ties. 


Tie Range = 8 


This analysis addresses Granovetter’s (7) orig- 
inal puzzle: From whom are we more likely to 
receive new information? By contrast, the between- 
individual analysis compares the average tie 
strength between people who have mostly long- 
range ties with those whose ties are mostly short- 
range. This corresponds more closely to the 
follow-up puzzle posed by Aral and Van Alstyne 
(2): Who is more likely to receive new informa- 
tion? The U-shape pattern was more pronounced 
in the within-individual analysis than the overall 
results in Fig. 2; across all 11 networks, people 
interacted with their most socially distant neigh- 
bors nearly as much as they did with their 
embedded neighbors. The between-individual 
U-shape was less consistent across networks 
(see SM section 2). 

To verify the robustness of these findings, we 
ran a battery of tests, described in detail in SM 
section 3. To begin, Fig. 2 reports the generality 
of our results across alternative communica- 
tion platforms and across countries with wide- 
ly divergent cultural and economic conditions. 
Twitter and phone networks differ fundamen- 
tally in user demographics, relational structure 
(multilateral distribution versus dyadic conver- 
sation), mode of expression (text versus voice), 
population penetration (partial versus full), open- 
ness (public versus private), and incremental 
cost (free versus paid). Despite these differences, 
we nevertheless observed the same phenome- 
non: strong ties that span extreme network dis- 
tances. This ubiquity suggests that the result 
does not reflect an idiosyncrasy of the country 
or communication platform, such as the oppor- 
tunity on Twitter to form strong relationships 
with erstwhile strangers, a preference for unem- 
bedded relationships in individualistic cultures, 
or demographic biases in technology use. 

We also tested robustness across several alter- 
native measures of tie strength (SM sections 
3.2 to 3.4): the mean duration and frequency of 
calls on the phone networks (fig. S5), the affec- 
tive strength of message content (fig. S6), and 
the reciprocity of @mentions (fig. S7) on Twitter 
(1, 14). In all instances, we observed that tie strength 
eventually increased with range, confirming 
the pattern in Fig. 2. Finally, we found little 
support for the possibility that the results were 
an artifact of missing data (see SM section 3.5). 
In principle, strong embedded ties could be 
incorrectly measured as network wormholes 
if data were missing on common neighbors. 
This possibility is mitigated by the existence of 
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network wormholes in all 11 observed networks 
despite differences in population coverage, from 
approximately 3.5% of the 2014 French internet 
population on Twitter, to more than 90% of all 
phone lines in the European phone network. 
Nevertheless, we tested the effects of missing data 
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2.8 


by randomly removing nodes and edges from 
the observed networks. We found that missing 
data do not explain the strength of long-range 
ties (fig. S8) or cause embedded ties to appear 
to be long-range (figs. S9 and S10). The reason 
is straightforward: For a range two tie to ap- 
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Fig. 2. The strength of social ties by tie range. Results are shown for eight Twitter networks 
(A) and three phone networks (B). Tie strength [mean and 99% confidence interval (Cl)] is 
measured as the log of the frequency of bidirected @mentions (A) and the log of total bidirected 


call volume in seconds (B). 


Fig. 3. Network wormholes in Singapore’s Twitter network. Each dot represents an individual, 
and each edge represents a bidirected @mention. Nodes and edges are colored according to 


membership in distinct network communities (31). A sample of network wormholes (with range six or 
above and above-median tie strength) is shown in yellow. The inset highlights a single wormhole of 
range eight, i.e., the second-shortest path between the yellow nodes requires traversing eight 
intermediary ties (blue edges). The sizes of the nodes in the inset are proportional to the number of 
network neighbors. 
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pear to be range three because of missing data, 
all common neighbors would need to be miss- 
ing; if even a single common neighbor were 
observed, the tie would remain range two. For 
the range to appear longer than three, the num- 
ber of necessary missing neighbors or missing 
ties increases exponentially. 

The discovery of high-bandwidth ties that 
span vast network distances poses intriguing 
puzzles that call for further research into their 
formation and surprising strength. Although a 
comprehensive investigation is beyond the scope 
of this report, SM section 4 explores the cultural 
context, spatial distance, social function, and 
personal attributes of these ties to look for pos- 
sible clues, which we briefly summarize. 

First, the content of the messages exchanged 
over strong, long-range Twitter ties displayed no 
single characteristic pattern; see table S1 for a 
few example conversations. Topic modeling of 
message content suggested that network worm- 
holes frequently involved religious and cultural 
topics (tables S2 to S4) as well as social process 
words (e.g., “buddy,” “talk”), but very few work- 
related words (e.g., “job”, “boss”). See SM sec- 
tion 4 and fig. S11 for details. 

Second, temporal analysis suggested that 
network wormholes were more likely to be 
interpersonal social relationships rather than 
instrumental or work-related (e.g., between a 
service provider and client). In particular, the 
increase in tie strength with longer range was 
driven by ties that were active during non- 
working hours (fig. S12). 

Finally, the strength of long-range ties was 
not a byproduct of physical distance (SM section 
4.3). Prior work has shown that tie probability 
declines with geographic distance (15-18), which 
may have helped promote the widely held but 
historically untestable assumption that tie strength 
decreases with range. Figures $13 and S14 show 
that physical and network distances were con- 
ceptually and empirically distinct dimensions. 
Results were consistent with previous findings 
that tie strength generally decreases with spa- 
tial distance, but the pattern was the opposite 
for network distance. Notably, the change in tie 
strength with range largely followed the pat- 
terns in Fig. 2, even among ties with shorter 
spatial distance. 

Future research should target three possible 
explanations for the formation and strength of 
long-range ties. First, long-range ties frequently 
connected low-degree nodes on the periphery 
of the network (fig. S15). This may indicate that 
limited time or attention induced people to 
choose between a small number of close friends 
and many weakly tied acquaintances (19), and 
those with few neighbors had fewer chances to 
have neighbors (or neighbors of neighbors) in 
common. Second, Burt (20) found that weak ties 
are more likely to break over time. If social and 
spatial mobility breaks weaker ties, the stronger 
ones that remain become longer range as weaker 
indirect paths erode (see SM section 4.4). For 
example, in a book about his friendship with his 
high school calculus teacher, Strogatz (27) tells 
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Fig. 4. Within-individual and between-individual decomposition of tie strength (mean and 
99% Cl) by tie range. The first row shows the within-individual relationship for Twitter (A) and 
phone networks (B), where the z-score is calculated by standardizing each tie with the individual's 
average and standard deviation of tie strength. The second row shows the between-individual 
relationship for Twitter (C) and phone networks (D), where the z-score is calculated by standardizing 
each individual's average tie strength with the grand mean and standard deviation of the entire 
network. The tie range in the second row represents the average range of each individual's ties, 


rounded to the nearest integer. 


the story of their strong tie that remained strong 
despite the increasing separation of their evolv- 
ing social networks over time. This winnowing 
process might also explain the heavy-tailed range 
distribution (fig. S16). Finally, research on multi- 
plexity and multidimensional homophily (22) 
indicates that social networks tend to be com- 
posed of many different types of relationships 
(friendship, kinship, work, politics, religion, hob- 
bies, etc.). The discovery of network wormholes 
suggests that these layers may not be fully in- 
tegrated, e.g., a strongly tied religious or political 
neighbor might not be introduced to one’s work- 
place colleagues (23). 

The surprising strength of long-range ties was 
found in a wide range of cultures, communica- 
tion platforms, and measures of network struc- 
ture and survived a battery of robustness tests. 
But do these network wormholes matter, given 
their relative rarity? SM section 5 presents a 
counterfactual experiment that compares the 
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observed Singapore network with an otherwise 
identical network in which tie strengths were 
permuted inversely with range (as would be 
expected with a diversity-bandwidth trade-off). 
The counterfactual network greatly increased 
the average shortest path length (i.e., the mean 
strength-weighted geodesic distance) between 
two random nodes, relative to the observed net- 
work with wormholes (fig. S17). In simulation 
experiments, contagions also spread more slowly 
and reached fewer nodes when wormholes were 
removed from the network (fig. S18). These ef- 
fects, combined with the tendency for network 
wormholes to link peripheral nodes, support 
recent studies that question the dependence of 
diffusion on “hubs” (24, 25). Finally, the stronger 
emotional affect observed in longer-range Twit- 
ter ties highlights the potential implications 
for the spread of emotional contagions (13, 26) 
such as moral indignation, political celebration, 
ideological fervor, happiness, and value judg- 


ments (27) that in turn may influence voting 
(28), participation in risky social movements, 
and health (29, 30). 
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A hidden cradle of plant evolution 
in Permian tropical lowlands 


Patrick Blomenkemper"’, Hans Kerp’, Abdalla Abu Hamad’, 


William A. DiMichele*, Benjamin Bomfleur’™* 


The latitudinal biodiversity gradient today has deep roots in the evolutionary history 
of Earth’s biota over geologic time. In the marine realm, earliest fossil occurrences 

at low latitudes reveal a tropical cradle for many animal groups. However, the terrestrial 
fossil record—especially from drier environments that are thought to drive evolutionary 
innovation—is sparse. We present mixed plant-fossil assemblages from Permian 
equatorial lowlands in present-day Jordan that harbor precocious records of three 
major seed-plant lineages that all became dominant during the Mesozoic, including 
the oldest representative of any living conifer family. These finds offer a glimpse 

of the early evolutionary origins of modern plant groups in disturbance-prone tropical 
habitats that are usually hidden from observation. 


ropical regions today harbor the greatest 

biodiversity on our planet, with species rich- 

ness decreasing toward the poles (7). Expla- 

nations for this phenomenon lie not only 

in present-day climate gradients and con- 
tinent configurations, but also in the deep evolu- 
tionary histories of organism groups over geologic 
time (2, 3). One hypothesis is that equatorial 
ecosystems function as “evolutionary cradles”—a 
term introduced by botanist G. Ledyard Stebbins 
(4)—that generate new lineages at higher rates 
than extratropical regions. Earliest originations 
in such equatorial cradles have been well docu- 
mented for marine organisms (2, 3, 5, 6). To 
what degree the evolution of terrestrial biota fol- 
lows a similar pattern, however, remains con- 
troversial (3, 7); paleobotanical evidence in 
particular (8-0) is subject to strong preserva- 
tion bias, partly because drought-prone equa- 
torial habitats that are thought to spawn plant 
evolutionary innovations rarely preserve fos- 
sils (3, 11, 12). Here, we report a Permian flora 
from the Middle East that holds the earliest 
records of three major seed-plant lineages, among 
these the oldest fossil record of any living family 
of conifers. 

Toward the end of the Paleozoic, the vegetation 
of the supercontinent Pangea differentiated into 
four major floristic regions: the hot and dry equa- 
torial expanse of central Pangea (Euramerica); 
a realm of humid tropical rainforest stretch- 
ing mainly across the large island chains in the 
eastern Tethys (Cathaysia); and two temperate 
to cool realms in the northern (Angara) and 
southern (Gondwana) mid- to high latitudes (72). 
Permian plant-bearing deposits from coastal 
tropical lowlands, however, yield mixed floras with 
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typical members from different floral provinces 
(12-14), indicating that these seemingly separate 
geographic realms were climate-controlled biomes 
with plant communities adapted to local habitat 
conditions (12, 13). From a macro-evolutionary 
perspective, the xeromorphic, drought-tolerant 
components of such mixed floras are especially 
interesting because these assemblages occasion- 
ally contain so-called “Methuselah taxa” (12)—rare 
and unexpectedly early occurrences that reveal 
new lineages and evolutionary innovations to 
be much older than previously thought and that 
normally elude detection in the fossil record 
because they thrived in drier environments with 
very limited preservation potential (7, 12, 15). 
We collected plant-fossil assemblages from 
the Umm Irna Formation, an up to ~85-m-thick 
succession of Permian alluvial deposits exposed 
along the eastern shore of the Dead Sea in 
Jordan (fig. S1 and table S1). What makes these 
fossil assemblages notable among coeval mixed 
floras is the quality of preservation; many of the 
fossils are mummified with pristinely preserved 
cuticles (74, 16), the microscopic diagnostic fea- 
tures of which enable a systematic placement 
even in the absence of fertile organs (17). The 
Umm Irna Formation is intercalated with ero- 
sional contacts between the Cambrian Umm 
Ishrin Sandstone Formation below and the 
basal Triassic Ma’in Formation above. Indepen- 
dent evidence from plant macro- and microfossils 
(4, 16), from conodont and foraminifer biostra- 
tigraphy (78), from sequence stratigraphy (/8), 
and from lithostratigraphic correlation with 
other well-dated successions on the Arabian Plate 
(16) together provides a robust age framework 
(19). The Permian-Triassic boundary occurs at 
or immediately above the base of the Ma’in 
Formation, and the underlying Umm Irna For- 
mation is Lopingian (Late Permian), most likely 
Changhsingian (latest Permian), in age (/8, 19). 
During that time, the region was an equatorial 
coastal lowland along the western Tethys mar- 
gin at a latitude of about 15°S and had a hot, 


subhumid climate with pronounced dry seasons 
(14, 16, 18, 19). The depositional environment 
was a richly structured riverscape that harbored 
varied plant communities, depending on local 
habitat conditions (79). As a result, different 
sedimentary subenvironments have preserved 
distinct plant-fossil assemblages (19) (table S1). 

Of particular note are fossil assemblages from 
point-bar and abandoned-channel deposits (19) 
that contain diverse accumulations of plant 
remains washed in from surrounding riparian 
forests and from drier habitats. These assem- 
blages have now yielded the earliest bona fide 
records of three major seed-plant lineages that 
became dominant in the Mesozoic: Corysto- 
spermales, Bennettitales, and Podocarpaceae 
(Fig. 1). Previous reports of Dicroidium, a type 
of corystospermalean foliage, from the Umm 
Irna Formation remained controversial because 
the genus is traditionally regarded as an index 
fossil for the Gondwanan Triassic and because 
fertile organs were lacking (20). New material, 
including numerous large frond fossils (Fig. 1A) 
and the affiliated fertile organs (Fig. 1C), now 
unequivocally confirms the presence of corysto- 
sperms in the Permian of Jordan. So far, at least 
six Dicroidium species can be distinguished. 
Bennettitales is an extinct group of seed plants 
with a cycadlike growth habit and compound 
flowerlike reproductive organs. These plants 
have been known mainly from the Mesozoic, the 
earliest record being from the Middle Triassic 
(21). Because of their sophisticated mode of 
sexual reproduction, which in many ways resem- 
bled that of modern angiosperms, some authors 
consider Bennettitales to be basal members of 
the group of plants that gave rise to crown-group 
angiosperms more than 100 million years later 
(22, 23). We collected large fragments of entire- 
margined Nilssoniopteris leaves and of pinnate 
Pterophyllum fronds (Fig. 1, D and I), as well as 
dispersed cuticle pieces, all showing the synde- 
tocheilic type of stomata (Fig. 1, J to M) diag- 
nostic of Bennettitales (17, 21). 

Podocarpaceae is the second-largest extant 
family of conifers and was an important com- 
ponent of Mesozoic floras worldwide (17, 24). 
Before now, the earliest records of the group 
were from the Lower Triassic (24). Conifer twigs 
from Jordan bear helically arranged, single- 
veined needles that are twisted near the base 
to become flattened into a single plane (Fig. 1, 
E, N, and O). Their cuticles (Fig. 1, F to H) show 
overall smooth outer surfaces and longitudi- 
nally oriented, paratetracytic stomata in rows 
and tight chains (Fig. 1, G and H), a combina- 
tion of macro- and micromorphological features 
that is diagnostic of Podocarpaceae (25). Other 
single-veined but shorter-leafed forms (Fig. 1, N 
and O) similar to the common Mesozoic foliage 
taxon Elatocladus may also belong to Podocar- 
paceae or to another modern conifer family (24). 
Further unexpected finds are various remains 
of zamiinean cycads such as Ctenis (Fig. 1, P 
and Q) and Pseudoctenis (Fig. 1, R and S), in- 
cluding leaflets whose characteristic epidermal 
anatomy (Fig. 1, R and S) agrees closely with 
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those of Late Triassic forms (17, 26). Notably, 
however, all these precocious occurrences of 
typically post-Paleozoic seed-plant lineages 
occur intermixed with characteristic Paleozoic 
plant taxa, such as Noeggerathiales (Discinites), 
Nystroemiales (Vystroemia), rare gigantopterids, 
Laurasian Permian conifers (Quwadrocladus and 
Otovicia), and putative ginkgophytes (Rhipidopsis) 
(fig. S2 and table S1) (7). 

Plant assemblages from deposits representing 
permanently waterlogged back-swamp environ- 
ments that occur locally in the Umm Irna Forma- 
tion (19) are, by contrast, dominated by plants 
characteristic of the tropical ever-wet Cathaysian 
flora, including various gigantopterid seed ferns 
(Gigantopteris, Gigantonoclea, and Fascipteris), 
the sphenophyte Lobatannularia, and putative 
ginkgophytes (Saportaea and Rhipidopsis) (fig. 
$2 and table S1), with occasional occurrences of 
small Glossopteris leaves (fig. S2)—the classical 
index fossil of the Permian southern Gondwana 
flora (13, 17). 

Altogether, the peculiar plant-fossil record of 
the Umm Irna Formation not only reveals a melt- 
ing pot of plant communities considered typ- 
ical of different Paleozoic floristic regions, but 
also yields precocious records of three major 
seed-plant lineages: the chiefly Mesozoic groups 
Bennettitales and Corystospermales, as well as 
Podocarpaceae, which marks the earliest fossil 
record of any living group of conifers. Before the 
discoveries from the Umm Irna Formation, all 
three groups were thought to have first appeared 
some time during the Early or Middle Triassic in 
the wake of the end-Paleozoic mass extinction 
(14, 16, 17, 21, 24). 

The unexpectedly early fossil records for these 
groups will aid in calibrating the age frame- 
work of seed-plant phylogenies and push back 
divergence-age estimates for major lineages still 
deeper into the Paleozoic. Moreover, the biostrat- 
igraphic ranges of Bennettitales, Corystospermales, 
and Podocarpaceae alike can now be traced back 
across the Permian-Triassic boundary--the date 
that marks the greatest mass extinction of animal 
groups in Earth’s history (27). From a bottom-up 
perspective, our finds thus add at least three 
groups to the growing list of major plant lineages 
that did not vanish at the end of the Paleozoic, 
confirming that land plants—and perhaps ter- 
restrial biotas as a whole—were less affected by 
global biotic crises than previously thought 
(28). Instead of a sudden, catastrophic extinction 
followed by a restoration of ecosystems with en- 
tirely new groups, the vegetation changes across 
the Permian-Triassic boundary appear more and 
more to reflect the gradual demise of particular 
groups and the takeover of vacated resource 
spaces by others that had already existed long 
before, but under conditions unfavorable for 
fossilization. In this respect, the later evolution- 
ary trajectories of the various plant groups that 
occur side by side in the Umm Irna Formation 
reveal a distinct pattern of extinction selectivity: 
Competitively favored groups that dominated 
wetland floras in stable, mesic environments— 
including both Cathaysian (gigantopterid) and 
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Gondwanan (glossopterid) taxa—would vanish 
with the warming climates in the aftermath of 
the end-Permian biotic crisis (29). More stressed 
and disturbance-prone habitats, by contrast, shel- 
tered the evolutionary cradles for highly adapt- 
able seed-plant groups that would not only persist 
through the crisis interval, but also emerge to 
become some of the most iconic plant groups 
of the Mesozoic. Bennettitales, Cycadales, and 
podocarp conifers persisted in equatorial latitudes 
and expanded their ranges “out of the tropics” 
(5, 6) during the Triassic, reaching worldwide 
distribution during the later Mesozoic (17, 24). 
The Dicroidium plants even appear to have 


abandoned their tropical cradle. They migrated 
southward and became the dominant canopy 
trees in temperate forests across the mid- to high- 
latitude regions of Gondwana during the Triassic 
(14, 16, 17), before they themselves would eventu- 
ally disappear in the Jurassic and leave their 
youngest-known fossil remains in polar refugia 
of present-day Antarctica (30). 

The Umm Irna Formation allows a glimpse into 
a rich evolutionary cradle of modern seed-plant 
lineages. The geological and paleoenvironmental 
setting of this fossil deposit renders a more precise 
search image for future paleontological explora- 
tion. We anticipate that targeted search in similar 
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Fig. 1. Selected precocious records of iconic Mesozoic plant groups in the Late Permian 

Umm Irna Formation, Jordan. Pictured are Corystospermales (A to C), Bennettitales (D and I to 
M), Podocarpaceae (E to H), Elatocladus twigs (N and O), and zamiinean cycads (P to S). [(A) and 
(B)] Almost complete fronds of Dicroidium robustum (A) (sample JO15-4-120) and D. irnense 

(B) (JO15-4-4); (C) a Pteruchus pollen organ (JO17-7-63); [(D) and (l)] frond fragments of Pterophyllum 
[(D) JO15-5-115 and (1) JO15-5-71]; [(E) to (H)] a shoot fragment (E) (JO15-5-39), an isolated needle 
(F) (JO17-5-6), and in situ cuticles [(G) and(H)] (JO17-5-6SL-001 and -002) of an undescribed podocarp; 
[(J) and (L)] a bennettitalean cuticle with characteristic syndetocheilic stomata [(L) JO17-4B-92/ 
94SL-001 to -005], obtained in situ from a Pterophyllum leaflet (JO17-4B-92); [(K) and (M)] a 
dispersed bennettitalean cuticle with syndetocheilic stomata (M) found among residues of bulk- 
macerated rock samples (JO15-5A-50SL-011, -SL-013, and -SL-014); [(N) and (O)] part and counterpart 
detail of an Elatocladus-type conifer branch [(N) JO15-5-52 and (O) JO15-5-71]; [(P) and (Q)] 
Ctenis-like cycad leaf with anastomosing veins (Q) (JO17-5A-27); [(R) and (S)] dispersed Pseudoctenis 
cuticles found among residues of bulk-macerated rock sample (JO15-5-52SL-003 and -005). Scale 
bars, [(A) and (B)], 2 cm; [(C) to (F), (I), and (N) to (P)], 1 em; (Q), 1 mm; [(G), (VJ), (K), and (R)], 


100 ym; (H), 50 um; [(L), (M), and (S)J, 20 um. 
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paleo-equatorial lowland settings will help un- 
cover the early origins of evolutionary innovation. 
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NK cell-mediated cytotoxicity 
contributes to tumor control by a 
cytostatic drug combination 


Marcus Ruscetti’*, Josef Leibold’*, Matthew J. Bott’*, Myles Fennell’, Amanda Kulick’, 
Nelson R. Salgado’, Chi-Chao Chen’, Yu-jui Ho’, Francisco J. Sanchez-Rivera’, 

Judith Feucht’*, Timour Baslan’, Sha Tian’, Hsuan-An Chen’, Paul B. Romesser’, 

John T. Poirier”*, Charles M. Rudin?*, Elisa de Stanchina”, Eusebio Manchado’, 


Charles J. Sherr”’®, Scott W. Lowe’’*+ 


Molecularly targeted therapies aim to obstruct cell autonomous programs required 
for tumor growth. We show that mitogen-activated protein kinase (MAPK) and 
cyclin-dependent kinase 4/6 inhibitors act in combination to suppress the 
proliferation of KRAS-mutant lung cancer cells while simultaneously provoking a 
natural killer (NK) cell surveillance program leading to tumor cell death. The drug 
combination, but neither agent alone, promotes retinoblastoma (RB) protein-mediated 
cellular senescence and activation of the immunomodulatory senescence-associated 
secretory phenotype (SASP). SASP components tumor necrosis factor-a and 
intercellular adhesion molecule-1 are required for NK cell surveillance of drug-treated 
tumor cells, which contributes to tumor regressions and prolonged survival in a 
KRAS-mutant lung cancer mouse model. Therefore, molecularly targeted agents capable 
of inducing senescence can produce tumor control through non-cell autonomous 


mechanisms involving NK cell surveillance. 


he KRAS oncogene is frequently mutated 

in several human cancers. It drives tumor- 

igenesis by constitutively activating growth 

factor signaling pathways that promote un- 

controlled proliferation, namely the mitogen- 
activated protein kinase (MAPK) or phosphoinositide 
3-kinase pathways. Although much effort has 
been placed on targeting KRAS or its downstream 
effectors, to date, most therapeutic agents have 
failed, owing to an inability to sustain inhibition 
of RAS-driven signaling (J, 2). Combinatorial 
strategies are being developed to circumvent 
these effects, for example, by combining MAPK 
kinase (MEK) inhibitors with upstream recep- 
tor tyrosine kinase inhibitors to thwart adaptive 
resistance mechanisms (3, 4). Another approach 
involves combining MEK inhibitors with down- 
stream cyclin-dependent kinase 4 and 6 (CDK4/6) 
inhibitors that, in principle, could more potent- 
ly block the proliferation of KRAS-mutant cells 
by simultaneously reducing MAPK-regulated 
cyclin D levels and directly targeting CDK4 kinase 
activity (5). In addition to the intrinsic effects on 
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tumor cell proliferation, both MEK and CDK4/6 
inhibitors can modulate T cell function as single 
agents or in combination with T cell checkpoint 
blockade (6-8). 

We explored the cell autonomous and non- 
cell autonomous effects of combining MEK and 
CDK4/6 inhibitors using KRAS-mutant tumor 
models. We first tested a number of highly selec- 
tive CDK4/6 inhibitors (palbociclib, abemaciclib, 
ribociclib) in combination with the U.S. Food 
and Drug Administration-approved MEK in- 
hibitor trametinib in human KRAS-mutant lung 
and pancreatic cancer cell lines. Compared with 
treatment with either single agent, the two-drug 
combination was substantially more effective 
at inhibiting proliferation as well as phospho- 
rylation of the retinoblastoma (RB) protein, a 
direct CDK4 and 6 target (Fig. 1A and fig. $1). 
Accordingly, the combination of trametinib and 
palbociclib was more effective at impairing tu- 
mor growth and inducing tumor stasis in mice 
harboring a KRAS-mutant lung cancer patient- 
derived xenograft (PDX), when treated at the 
maximally tolerated dose for each agent (Fig. 
1B) (9, 10). Similar results were also observed in 
other KRAS-mutant PDX models treated at lower 
doses (Fig. 1C and fig. S2, A and B), confirming 
that the combination produces biological effects 
that neither drug can achieve alone. 

These human xenograft studies require the 
use of immunodeficient NOD-scid IL2Rg™™ 
(NSG) mice. To assess whether and to what extent 
tumor cell responses are altered by the immune 
system, we made use of an established syngeneic 
transplant mouse model of lung cancer. Mouse 
tumor cells derived from a Kras®??”*;Trp53/- 
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Fig. 1. NK cell immunity is required for the efficacy of combination 
MEK and CDK4/6 inhibitor therapy. (A) Clonogenic assay of 

A549 lung cancer cells treated with MEK (trametinib) and/or various 
CDK4/6 inhibitors (palbociclib, ribociclib, abemaciclib); representative 

of three biological replicates. (B) Tumor volumes of mice bearing 
KRAS-mutant MSK-LX27 PDX lung tumors treated with vehicle, trametinib 
(3 mg/kg body weight), palbociclib (150 mg/kg body weight), or both 
in combination (Combo) for indicated times (n = 5 mice per group). 
(C) Tumor volumes of mice bearing KRAS-mutant MSK-LX68 PDX lung 
tumors treated with vehicle, trametinib [1 mg/kg (lo) or 3 mg/kg (hi) 
body weight], palbociclib (150 mg/kg body weight), or both in 
combination for indicated times (n = 8 mice per group). n.s., not 
significant. (D) Syngeneic KP transplant lung cancer model. (E) Kaplan- 
Meier survival curve of KP transplant mice treated with vehicle, 
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trametinib (1 mg/kg body weight), palbociclib (100 mg/kg body 
weight), or both in combination (n = 8 per group) (log-rank test). 

(F) Representative flow cytometry plots of NK cell populations 

in lung tumors from KP transplant mice treated for 1 week as in (E). 
(G) Percentage of NK cells within the CD45* population (left), total NK 
cells relative to tumor cell number (middle), and percentage of CD107a* 
degranulating NK cells (right) (n = 4 mice per group). Palbo, palbociclib; 
Tramet, trametinib. (H) Kaplan-Meier survival curve of KP transplant 
mice treated with vehicle or combined trametinib (1 mg/kg body 
weight) and palbociclib (100 mg/kg body weight) and either an isotype 
control antibody (C1.18.4) or NK1.1-depleting antibody (PK136) (n = 8 
per group) (log-rank test). (B and C) Two-way ANOVA. (G) One-way 
ANOVA. Error bars, mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. 
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(KP) lung tumor (77) were engineered to express 
luciferase and green fluorescent protein (GFP) 
and tested for drug sensitivity in vitro or after 
intravenous injection into C57BL/6 immuno- 
competent mice (Fig. 1D), where they produced 
aggressive lung adenocarcinomas by 1-week post 
transplantation. As in the human models, the 
trametinib plus palbociclib combination syner- 
gistically suppressed the growth of cultured KP 
tumor cells (fig. S2C) and significantly increased 
the survival of lung tumor-bearing animals (Fig. 
1E). This effect was substantially impaired when 
the same cells were transplanted into immuno- 
deficient NSG mice (fig. S2D and E), suggest- 
ing that the immune system might contribute 
to treatment efficacy. 

Immune profiling of lung tumors after 1 week 
of combination treatment revealed a general 
influx of CD45* immune cells compared with 
single-agent treatment (fig. S3A). Whereas there 
was no change in B cell or macrophage num- 
bers in tumors after treatment, there was an 
increased infiltration of CD4* and CD8* T cells 
in the lungs and spleens of both tumor-bearing 
and naive (tumor-free) mice after either single- 
agent or combination therapy. However, changes 
in CD4* or CD8* T cell activation were not ob- 
served, as assessed by staining for CD69, KLRGI, 
and CD107a, a marker of lymphocyte degranula- 
tion (figs. S3, B to D; S4, A and B; and S5, A to 
D). Thus, the drug combination does not appear 
to produce selective activation of T cells in this 
lung cancer model. 

By contrast, combined treatment with trame- 
tinib and palbociclib triggered the selective ac- 
cumulation of natural killer (NK) cells and a 
decrease in Gr-1™CD11b* myeloid-derived sup- 
pressor cells (MDSCs) in the lungs of tumor- 
bearing mice compared with treatment with 
either agent alone (Fig. 1, F and G; and figs. S3, 
E and F; S4, C and D; and S5F). NK cells de- 
rived from combination-treated tumors appeared 
activated and more mature, as indicated by cell 
surface expression of CD107a and other activat- 
ing receptors and altered transcriptional profiles 
showing a reduction in proliferation-associated 
genes and an increase in expression of genes 
linked to NK cell maturation and cytotoxicity 
(Fig. 1G and figs. S4C, S5E, and S6). Combined 
treatment also led to NK cell accumulation 
(but not activation) and a decrease in MDSCs 
in the spleens of tumor-bearing mice but not 
in the lungs or spleens of naive mice (figs. $3, F 
to H, and S5, E to G), suggesting that this im- 
mune effect is tumor dependent. 

To determine whether specific immune cells 
contribute to the outcome of combination ther- 
apy, we assessed the impact of perturbing 
immune cell function on the survival of tumor- 
bearing (immunocompetent) mice after vehicle 
or trametinib and palbociclib therapy. Neither 
depletion of macrophages, Gr-1* granulocytes/ 
MDSCs, and CD4* and CD8* T cells using block- 
ing antibodies nor anti-PD-1 immunotherapy 
(to stimulate exhausted T cells) had any im- 
pact on the survival of vehicle or combination- 
treated mice (figs. S7, A to D, and S8). By contrast, 
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depletion of NK cells using an anti-NK1.1 anti- 
body (PK136) significantly reduced the survival 
advantage produced by combination therapy 
while having no effect on cohorts treated with 
vehicle or single agents (Fig. 1H and figs. S7E 
and F, and S8). This effect was independent of 
the MDSC reduction after treatment (fig. S3F), 
as Gr-1 depletion did not influence the sur- 
vival of combination-treated mice in the pres- 
ence or absence of NK cells (fig. S7B). Hence, 
in this model, the trametinib and palbociclib 
combination triggers a potent and selective NK 
cell-mediated response that contributes to treat- 
ment efficacy. 

We found the contribution of immune sur- 
veillance to the action of an apparently cyto- 
static drug combination intriguing and set out 
to study the underlying mechanisms in more 
detail. CDK4 and 6-mediated phosphorylation 
of RB (the intended target of trametinib and pal- 
bociclib treatment) cancels its growth-suppressive 
action to facilitate E2F-mediated G,-S progres- 
sion (5). We confirmed in all our models that 
combination therapy produced a more potent 
reduction in RB phosphorylation and prolifer- 
ation without inducing apoptosis (fig. S9). Besides 
its role in modulating cell cycle progression, RB 
plays a crucial role in mediating cellular sen- 
escence, a tumor-suppressive program that in- 
volves a stable (if not permanent) cell cycle arrest 
program coupled to an immune modulatory 
component (12-14). Specifically, senescent cells 
display an RB-dependent down-regulation of 
proliferation genes (15, 16) and a concomitant 
up-regulation of genes encoding a wide range 
of secretory proteins and other factors that mod- 
ulate the microenvironment (17). Of note, this 
secretory program, often referred to as the 
senescence-associated secretory phenotype (SASP), 
can have either tumor-suppressive or tumor- 
promoting functions, depending on context (18-23). 
In its tumor-suppressive role, RB often collab- 
orates with the p53 tumor suppressor to limit 
the proliferation of premalignant cells (24), 
and disruption of both genes is linked to sen- 
escence escape during tumorigenesis (25). 

To test whether trametinib and/or palboci- 
clib treatment induced senescence in human 
or mouse KRAS-mutant lung cancer cells, we 
evaluated a series of markers and functional prop- 
erties associated with the senescent state (74, 26). 
Only combination treatment resulted in signi- 
ficant senescence-associated beta-galactosidase 
(SA-B-gal) activity, the accumulation of senescence- 
associated heterochromatin foci, loss of the nu- 
clear envelope protein Lamin B1, and increased 
expression of DECI, DCR2, and CDKN2B (Fig. 2A 
and fig. S10). 

Colony-forming assays revealed that many 
KRAS-mutant cell lines treated with either 
palbociclib or trametinib alone resumed prolifera- 
tion upon drug washout, whereas combination- 
treated cells did not (Fig. 2B and fig. S11, A to B). 
This durable, senescent-like arrest was RB de- 
pendent and did not occur in tumor cells harbor- 
ing RB genomic loss (Fig. 2B and figs. S11 and 
$12). Both human and murine KRAS-mutant 


tumor cells lacking p53 also displayed senes- 
cence markers in response to the trametinib 
and palbociclib combination (Fig. 2B and figs. 
S11 and S12). Therefore, this treatment can re- 
store senescence to tumor cells that have es- 
caped p53 tumor suppressive programs during 
tumor evolution provided that RB function is 
retained. 

The senescence program provoked by com- 
bined trametinib and palbociclib treatment was 
also associated with a potent SASP induction. 
RNA sequencing (RNA-seq) analysis of human 
KRAS-mutant tumor cell lines after drug treat- 
ment revealed that the drug combination pro- 
duced a greater reduction in proliferation genes 
and increase in SASP factor expression com- 
pared with either treatment alone (Fig. 2C, fig. 
S13B, and tables S1 and S2). Among the immune 
modulatory genes that were induced and se- 
creted were chemokines involved in NK cell re- 
cruitment (CCL2, CCL4, CCL5, CXCLI10, CX3CL1), 
as well as cytokines that promote NK cell pro- 
liferation and activation [interleukin-15 (IL-15), 
IL-18, tumor necrosis factor-a. (TNF-a)] (Fig. 2D 
and fig. S13, A and C). Many of these same SASP 
factors were also induced in murine KP lung 
cancer cells and a PDX lung cancer model in vivo 
(fig. S13, D and E). Gene Set Enrichment Analysis 
revealed that signatures linked to oncogene- 
induced and replicative senescence (22, 27), nu- 
clear factor kB (NF-«B) and TNF-a signaling, 
and NK cell-mediated cytotoxicity were also 
selectively enriched in the transcriptional pro- 
files of combination treated cells (fig. S13, F to 
H). Although not secretory per se, NK cell ligands 
(which are required for activation of NK cell 
cytotoxicity and tumor cell targeting) are part of 
the transcriptional module linked to the SASP 
(28, 29). We found that intercellular adhesion 
molecule-1 (ICAM-1) and the NKG2D ligands 
ULBP2 and MICA were induced after combina- 
tion treatment in human KRAS-mutant tumor 
cells, PDXs, and murine KP lung tumor cells (Fig. 
2E and fig. S14). Overall, these data suggest that, 
in addition to a more stable cell cycle arrest con- 
ferred by RB-mediated senescence, combined 
MEK and CDK4/6 inhibition may promote tu- 
mor cell immune surveillance through induction 
of the SASP program. 

To explore this possibility, we tested whether 
NK cells could functionally target tumor cells 
after combined trametinib and palbociclib treat- 
ment. Using an in vitro NK cell coculture assay 
that quantitatively measures both NK cell-tumor 
cell interactions and cytotoxicity, we observed 
that treatment with the drug combination, but 
not with single agents, triggered the rapid asso- 
ciation and eventual killing of KRAS-mutant 
tumor cells by the human YT NK cell line even 
in the presence of the drugs (Fig. 2F; fig. S15, 
A and B; and movies S1 to S4). These results 
were corroborated using freshly isolated primary 
human NK cells (fig. S15, C and D) and using the 
murine system, in which senescent KP cells 
treated with the drug combination were suf- 
ficient to induce degranulation and cytotoxicity 
in drug-treated splenic NK cells upon coculture 
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Fig. 2. Senescence and SASP induction after combination MEK and 
CDK4/6 inhibitor therapy induces NK cell immune surveillance. 

(A) Quantification of SA-B-gal* cells in human KRAS-mutant lung tumor 
cell lines after 8-day treatment with trametinib (25 nM) and/or 
palbociclib (500 nM). Mean of three biological replicates is plotted. 

(B) Clonogenic assay of human KRAS-mutant lung cancer cells replated 
in the absence of drugs after 8-day pretreatment as in (A); representa- 
tive of three biological replicates. RB and p53 genomic status is indicated 
on right. (©) Heat map of senescence-associated cell cycle and SASP 
gene expression in human KRAS-mutant lung cancer cell lines after 
treatment as in (A), as assessed by RNA-seq. Two biological replicates 
per cell line are shown. C, combination; P, palbociclib; T, trametinib; 

V, vehicle. (D) Heat map of cytokine array results from human 
KRAS-mutant lung tumor cells treated with trametinib (25 nM) and/or 
palbociclib (500 nM) for 8 days. Data are presented as mean of three 
biological replicates. (E) Flow cytometry analysis of ICAM-1 expression 

and levels of other NK cell—activating ligands after 8-day treatment of A549 
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lung tumor cells as described in (A). Quantification of mean fluorescence 
intensity (MFI) from three biological replicates is shown on the right. 

(F) Quantification of NK cell cytotoxicity (by live cell imaging) after 
pretreatment of A549 and H2030 lung tumor cell lines with indicated 
drugs for 8 days and coculturing with the YT NK cell line at a 10:1 effector 
to target cell (E:T) ratio for 20 hours in the presence or absence of 
indicated drugs. Change in tumor cells is normalized to control 

wells lacking NK cells. Mean of three biological replicates is plotted. 

(G) Representative SA-B-gal staining of KP transplant lung tumors after 
1-week treatment with combined trametinib (1 mg/kg body weight) 

and palbociclib (100 mg/kg body weight) and either an isotype control 
antibody (C1.18.4) or NK1.1 depleting antibody (PK136) (scale bar, 

50 um). Quantification shown on right (n = 3 mice per group). (H) Effect 
of 1-week treatment as in (G) on lung tumor burden (relative to vehicle) 
(n = 5 mice per group). (E, F, and H) One-way ANOVA. (G) Unpaired 
two-tailed t test. Error bars, mean + SEM. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. 
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Fig. 3. NF-«B-mediated SASP and TNF-a secretion is required for 
treatment-induced NK cell activity. (A) Quantitative reverse tran- 
scription polymerase chain reaction analysis of SASP gene expression in 
KP tumor cells transduced with indicated shRNAs after treatment 

with vehicle or trametinib (25 nM) and palbociclib (500 nM) for 8 days. 
Mean of two biological replicates associated with three technical replicates 
is plotted. AU, arbitrary units. (B) Representative images of KP tumor 
cells with indicated shRNAs (green) pretreated as in (A) and cocultured 
with primary murine splenic NK cells (red) at a 20:1 E:T ratio for 20 hours 
in the presence or absence of indicated drugs (scale bar, 25 um). 
Quantification of NK cell cytotoxicity (by live cell imaging) is shown on 
the right. Change in tumor cells is normalized to control wells lacking 

NK cells. Mean of three biological replicates is plotted. (C) Flow 
cytometry analysis of total and CD107a* degranulating NK cells within 
the CD45* population in the lungs after 1-week treatment of mice 
transplanted with KP tumor cells containing control Renilla (Ren) or p65 
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shRNAs with vehicle or combined trametinib (1 mg/kg body weight) 

and palbociclib (10O mg/kg body weight) (n = 3 mice per group). 

(D) Kaplan-Meier survival curve of KP transplant mice treated with 
vehicle or combined trametinib (1 mg/kg body weight) and palbociclib 
(100 mg/kg body weight) and either an isotype control (HRPN), NK1.1 
(PK136), or TNF-a (XT3.11) targeting antibody (n = 6 per group) (log-rank 
test). (E) Flow cytometry analysis as in (C) after 1-week treatment of 

KP transplant mice with vehicle or combined trametinib (1 mg/kg body 
weight) and palbociclib (100 mg/kg body weight) and either an isotype 
control (HRPN) or TNF-a (XT3.11) targeting antibody (n = 5 per group). 
(F) Quantification of NK cell cytotoxicity (by live cell imaging) toward 

KP tumor cells with indicated shRNAs pretreated as in (B) and cocultured 
with primary murine splenic NK cells at a 20:1 E:T ratio for 20 hours 

in the presence or absence of indicated drugs. (A to C and E and F) 
One-way ANOVA. Error bars, mean t SEM. **P < 0.01, ***P < 0.001, 
****P < 0.0001. 
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(fig. S15, E and F). In vivo, NK cells also ap- 
peared to preferentially target senescent cells, 
as tumors in NK cell-depleted mice that re- 
ceived the trametinib and palbociclib combi- 
nation were significantly larger and retained 
more SA-$-gal* cells compared with those in 
control mice with NK cells intact (Fig. 2, G and 
H, and fig. S15G). NK cells are therefore capable 
of eliminating senescent tumor cells after com- 
bined trametinib and palbociclib treatment. 
We performed a genetic experiment to dis- 
able the SASP program in KP tumor cells. The 
transcription factor NF-«B is a master regulator 
of the SASP program but plays only a limited 
role in senescence-induced cell cycle arrest (30-32). 
KP tumor cells expressing a well-characterized 
short hairpin RNA (shRNA) targeting the p65 
subunit of NF-«B underwent growth arrest in 


A Vehicle 


response to the drug combination but displayed 
a reduction in many SASP factors and were not 
targeted by spleen-derived murine NK cells in vitro 
(Fig. 3, A and B, and fig. S16, A to D). In vivo, 
tumors derived from p65-suppressed KP cells 
showed similar levels of NK cell accumulation 
as tumors expressing a control shRNA targeting 
the nonexpressed gene Renilla luciferase after 
combination therapy; however, these infiltrating 
NK cells were not activated, and the treatment 
was not as effective (Fig. 3C and fig. 16E). Thus, 
the SASP appears necessary for therapy-induced 
NK cell surveillance and the efficacy of the drug 
combination in vivo. 

To pinpoint SASP factors needed for NK cell 
attack, we tested a range of neutralizing anti- 
bodies against NF-«B-regulated SASP factors 
(IL-15, IL-18, TNF-a, CCL2, CCL5) for their 
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Fig. 4. Combination trametinib and palbociclib treatment drives NK 
cell-mediated lung tumor regressions in genetically engineered 
mice. (A) Immunohistochemical staining of KP GEMM tumors treated with 
vehicle or combined trametinib (1 mg/kg body weight) and palbociclib 
(100 mg/kg body weight) for 2 weeks (scale bar, 50 um). CC3, cleaved 
caspase-3; pERK, phosphorylated extracellular signal-regulated kinase. 
(B) Representative uCT images of KP GEMM lung tumors prior to 
treatment and after 2 weeks of treatment with vehicle or combined 
trametinib (1 mg/kg body weight) and palbociclib (100 mg/kg body 
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ability to alter survival in KP transplant mice 
treated with the trametinib and palbociclib com- 
bination. Only TNF-o depletion reduced animal 
survival, which was similar in magnitude to 
that produced by NK cell depletion (Fig. 3D and 
fig. S16, F and G) and was associated with a 
reduction in activated NK cells present in the 
treated tumors (Fig. 3E). This effect was in 
part due to tumor cell-derived TNF-a, as shRNAs 
capable of suppressing Tnfa in combination- 
treated KP cells markedly inhibited NK cell 
cytotoxicity in vitro (Fig. 3F and fig. S17, A to D). 
Still, Tnfa suppression (fig. SI7E) was not as 
effective as p65 depletion (fig. SIGE) at impairing 
the survival of tumor-bearing mice after combi- 
nation treatment, indicating that an interplay 
between multiple SASP factors is required for 
NK cell surveillance in vivo. 
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weight) and either an isotype control antibody (C1.18.4) or NK1.1 depleting 
antibody (PK136). Yellow boxes indicate lung tumors. (C) A waterfall 
representation of the response of each tumor after 2 weeks of treatment 
with vehicle, trametinib (1 mg/kg body weight), palbociclib (LOO mg/kg 
body weight), or both, and either an isotype control (C1.18.4), NK1.1 
(PK136), TNF-a (XT3.11), or ICAM-1 (YN1/1.7.4) blocking antibody (n = 6 
per group). (D) Kaplan-Meier survival curve of KP GEMM mice treated as 
in (C) (n = 6 per group) (log-rank test). (C) One-way ANOVA. *P < 0.05, 
RAP 0.01, ***P'<_0.001,.7***P:<'0:0001 
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We also explored potential mechanisms by 
which NK cells target tumor cells undergoing 
therapy-induced senescence. Cell surface NK cell 
ligands and adhesion molecules are up-regulated 
along with the SASP during many forms of 
senescence (29). We found that both ICAM-1 and 
members of the MICA/B, ULBP, Rae-1, and H60 
family of NKG2D ligands were increased after 
combination therapy in an NF-«B-dependent or 
independent manner, respectively (Figs. 2E and 
3A and figs. S14 and 16D). Furthermore, blocking 
ICAM-1 and its receptor LFA-1 (and to a lesser 
extent NKG2D) blunted NK cell cytotoxicity in 
combination-treated tumor cells in live cell imaging 
and chromium release assays and significantly 
reduced the survival of combination-treated KP 
transplant mice in vivo (figs. S15, C and D, and 
S17, F to H). Therefore, the SASP transcriptional 
module contributes both secreted (i.e., TNF-c.) 
and cell surface (i.e., ICAM-1) factors to facilitate 
NK cell surveillance. 

The orthotopic KP model represents a flex- 
ible syngeneic experimental system but is extra- 
ordinarily aggressive with tumors disseminated 
throughout the lungs, making assessment of tu- 
mor response to therapy challenging. To examine 
the impact of this senescence-inducing therapy 
on NK cell immune surveillance and tumor pro- 
gression in a more physiologically relevant set- 
ting, we utilized an autochthonous model of 
KRAS-mutant lung cancer. Genetically engineered 
Krag 82 622/28. Tyg gho/foz (KP GEMM) mice 
were infected intratracheally with an adenovirus 
expressing Cre recombinase to induce endoge- 
nous lung tumor formation (33), leading to the 
development of focal KRAS-driven tumors that 
could be monitored using microcomputed tomo- 
graphy (uCT). Consistent with our findings in the 
syngeneic transplant model, combined trame- 
tinib and palbociclib treatment after endogenous 
tumor formation led to a significant reduction in 
RB phosphorylation and tumor cell proliferation, 
accumulation of SA-B-gal* senescent tumor cells, 
induction of SASP factors including TNF-o and 
ICAM-1, and subsequent recruitment of NK cells 
within lung adenocarcinomas of KP GEMM mice 
(Fig. 4A and fig. S18, A to D). 

The contribution of NK cells to the activity 
of the combination therapy was marked. Two 
weeks post treatment, we observed tumor re- 
gressions in mice treated with the combination 
therapy and an isotype control antibody but not 
in those mice receiving an NK1.1-depleting anti- 
body or single-agent trametinib or palbociclib 
whose tumors continued to progress (Fig. 4, B 
and C). Moreover, the overall survival of mice 
treated with trametinib plus palbociclib, which 
included a notable number of long-term survi- 
vors, was significantly longer than mice receiv- 
ing single-agent treatment or the combination 
treatment in the context of NK cell depletion 
(Fig. 4D). Antibody-mediated blockade of SASP 
factors TNF-o or ICAM-1 also prevented tumor 
regressions and blunted the survival benefit of 
the drug combination (Fig. 4, C and D). There- 
fore, senescence-inducing targeted therapies can 
lead to tumor control in KRAS-mutant lung tu- 
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mors, with SASP-provoked and NK cell-mediated 
immune surveillance facilitating tumor regres- 
sion and prolonged survival. 

Leveraging immunocompetent mouse models 
of KRAS-mutant lung cancer, we explored the 
non-cell autonomous effects of combined MEK 
and CDK4/6 inhibitor therapy, revealing an im- 
mune modulatory component to the antitu- 
mor response. Complementary to previous work 
in other systems demonstrating activation of 
T cell responses using similar monotherapies 
(6, 7), our studies highlight a distinct mech- 
anism of innate immune attack by NK cells, 
which act as a natural senolytic to eliminate 
tumor cells in combination drug-treated mice 
harboring autochthonous tumors. The ability of 
NK cells to target drug-treated tumor cells re- 
quires the induction of RB-mediated cellular 
senescence and acquisition of an NF-«B-dependent 
SASP program that culminates in the secretion 
of proinflammatory cytokines (e.g., TNF-a) and 
surface expression of NK cell-activating mol- 
ecules (e.g., ICAM-1) (fig. SI8E). Thus, whereas 
developing tumors evade both senescence and 
immune surveillance to become fully malignant, 
these processes can be reestablished in tumor 
cells by certain targeted cancer therapies. Al- 
though chronic SASP induction can have delete- 
rious consequences in some settings (17, 34), the 
timely clearance of senescent cells by NK cells in 
this model establishes senescence induction as 
a beneficial outcome of targeted therapy, and 
explains how some cytostatic agents can be cyto- 
toxic in vivo. Because NK cells do not require 
neoantigen recognition to target tumor cells (28), 
strategies to exploit and enhance this form of 
immune surveillance may complement exist- 
ing efforts to harness adaptive immune surveil- 
lance by means of T cell checkpoint blockade 
immunotherapies. 
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CELL BIOLOGY 


ATP-dependent force generation 
and membrane scission 
by ESCRT-III and Vps4 


Johannes Schéneberg’”’*, Mark Remec Pavlin”***, Shannon Yan?*, Maurizio Righini®+, 
Il-Hyung Lee”?+, Lars-Anders Carlson”?§, Amir Houshang Bahrami’, 

Daniel H. Goldman””’*||, Xuefeng Ren”, Gerhard Hummer”, 

Carlos Bustamante’”***’©*°q, James H. Hurley””**"° 


The endosomal sorting complexes required for transport (ESCRTs) catalyze reverse- 
topology scission from the inner face of membrane necks in HIV budding, multivesicular 
endosome biogenesis, cytokinesis, and other pathways. We encapsulated ESCRT-III 
subunits Snf7, Vps24, and Vps2 and the AAA+ ATPase (adenosine triphosphatase) Vps4 
in giant vesicles from which membrane nanotubes reflecting the correct topology of 
scission could be pulled. Upon ATP release by photo-uncaging, this system generated 
forces within the nanotubes that led to membrane scission in a manner dependent 
upon Vps4 catalytic activity and Vps4 coupling to the ESCRT-III proteins. Imaging of 
scission revealed Snf7 and Vps4 puncta within nanotubes whose presence followed ATP 
release, correlated with force generation and nanotube constriction, and preceded 
scission. These observations directly verify long-standing predictions that ATP-hydrolyzing 
assemblies of ESCRT-III and Vps4 sever membranes. 


ellular membranes are constantly remod- 

eled in the course of vesicular trafficking, 

cell division, the egress of HIV, and many 

other processes. Membranes can bud and 

be severed either toward or away from the 
cytosol. The latter is referred to as reverse-topology 
scission and is catalyzed by the endosomal sorting 
complexes required for transport (ESCRT) ma- 
chinery, a set of ~18 proteins in yeast and ~28 in 
mammals (J-4). The core machinery of mem- 
brane scission by the ESCRTs consists of the 
ESCRT-III protein family. The most important 
components for membrane scission are Snf7, 
Vps24, and Vps2 (5, 6). When recruited to mem- 
branes, ESCRT-III proteins assemble into flat 
spiral disks (7-9), helical tubes (7, 10, 11), or 
conical funnels (17-13). ESCRT filaments have 
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a preferred curvature (8, 9, 14). When they are 
bent to curvatures of higher or lower values, 
ESCRT filaments act as springs that restore their 
own shape to the preferred value (9, 15, 16). This 
spring-like behavior has led to the prediction 
that ESCRTs exert measurable forces upon mem- 
branes, which we set out to test. 

The AAA* ATPase Vps4 (17) is intimately as- 
sociated with the ESCRT machinery and is es- 
sential for the membrane scission cycle. Vps4 is 
recruited to scission sites by Vps2 (18, 19). Vps2 
is thought to have a capping role whereby it in- 
hibits Snf7 polymerization (6). By recycling Vps2 
(20), Vps4 promotes Snf7 polymerization. Thus, 
Vps4 is critical for the recycling of ESCRT-III 
and the replenishment of the soluble cytoplasmic 
pool. Early attempts at in vitro reconstitution of 
ESCRT-mediated budding and scission using 
giant unilamellar vesicles (GUVs) suggested that 
the process was independent of Vps4 and ATP 
(21, 22), except for the final postscission recycling 
step. Cell imaging studies, however, showed that 
Vps4 localization peaked prior to scission in HIV-1 
budding and cytokinesis (23-28), consistent with 
its direct role in scission upon ATP hydrolysis. 
A second goal of this study was to determine if 
Vps4 and ATP hydrolysis are directly involved in 
membrane scission, as opposed to mere recycling. 

We encapsulated into GUVs the minimal 
ESCRT-III-Vps4 module containing yeast Snf7, 
Vps24, Vps2, and Vps4 (referred to here as the 
module) (fig. $1) in a mixture of palmitoyloleoyl- 
phosphatidylcholine, palmitoyloleoyl-phosphatidyl- 
serine, and biotinyl-phosphatidylethanolamine 
(80:20:0.1) at near-physiological ionic strength 
(~150 mM NaCl) (Fig. 1, D to G). We used op- 
tical tweezers to pull nanotubes extending be- 
tween the surface of a GUV held by suction on 


an aspiration pipette and the surface of a 
streptavidin-coated polystyrene bead held by an 
optical trap (Fig. 1, A to C). To fuel the AAA+ 
ATPase Vps4, we also encapsulated the caged 
ATP analog P3-(1-(2-nitrophenyl)ethyl)ester- 
ATP (NPE-ATP). An optical fiber was used to 
illuminate with UV one GUV at a time, so that 
experiments could be carried out sequentially 
on individual GUVs in the same microfluidic 
observation chamber. In control experiments, 
where all components were included except for 
ATP, UV illumination led to no change in the 
force exerted on the bead (Figs. IH and 2B). In 
similar control experiments omitting only Vps4, 
UV illumination resulted in a slight drop in the 
pulling force (Figs. 11 and 2C), attributed to the 
generation of two product molecules upon NPE- 
ATP uncaging. Thus, in the absence of ESCRT 
activity, the membrane nanotube was stable. 
When ATP was uncaged in the presence of the 
complete ESCRT module, a large rise in re- 
traction force was indeed observed (Figs. 1J and 
2I and movie S1). Over ~2 to 10 min (Fig. 1J), 
the force exceeded the trap maximum of ~65 pN 
and pulled the bead out of the laser trap (movie 
S1). This showed that in the presence of ATP, the 
ESCRT module can exert forces on membranes. 

We sought to determine which components 
of the ESCRT module were required for force 
generation (Fig. 2A). With Vps2 or Vps24 as 
the only ESCRT-III subunits, essentially no force 
was generated (Fig. 2, D and E). In the presence 
of Snf7, omission of Vps2 or Vps24 led to little 
or no force generation (Fig. 2, F and H), con- 
sistent with the role of Vps2 in coupling of ATP 
hydrolysis by Vps4 to ESCRT-III remodeling 
and a role of Vps24 in copolymerizing with Vps2. 
When both Vps2 and Vps24 were present, but 
Snf7 was missing, a force rise of up to 12 pN was 
produced, consistent with the ability of Vps24 
and Vps2 to co-polymerize (0, 20) (Fig. 2G). The 
inactivated mutant E233Q protein (Glu’—Gln) 
of Vps4 (17) failed to generate force (Fig. 2J). 
Deletion of the Vps4-coupling MIM1 motif of 
Vps2 (Fig. 2K) (18, 19), which is essential for 
biological function, abrogated force production. 
Thus, the ability of the ESCRT module to exert 
forces on nanotubes, in an ATP-dependent man- 
ner (Fig. 2, B and C), correlates closely with the 
presence of all the components that are crucial 
for ESCRT-mediated membrane scission and 
their individual integrity (Fig. 21). 

We integrated a confocal microscope with 
optical tweezing capability to image membrane nano- 
tubes pulled from GUVs containing fluorophore- 
labeled ESCRTs (Fig. 3, A to E, and fig. S2). 
By pulling on bare membranes, we obtained the 
bending modulus x and standardized the cal- 
culation of the membrane nanotube radius 
(fig. S3). To maximize the signal in these ex- 
periments, Snf7 was labeled with the photo- 
stable dye Lumidyne-550 and imaged with a 
resonant scanner and a gallium arsenide phos- 
phide (GaAsP) detector. We quantitated Snf7, 
Vps4, and membrane intensity using Gaussian 
fitting to the diffraction-limited tube profile 
(fig. S4). 
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We monitored the response of a total of 46 
nanotubes pulled from ESCRT module-filled 
GUVs following UV illumination. The nanotubes 
manifested a force increase and accumulation of 
Snf7 and Vps4 (Fig. 3, F to I, and movie S2). Of 
the 46 trials, 38 (83%) led to scission (Fig. 3J) as 
judged by simultaneous disappearance of the 
tube, sudden decrease in the force to zero, and 
appearance of membrane-, Snf7-, and Vps4- 
containing remnants on the trapped bead (Fig. 3, 
H and I). Tube lifetimes were widely distributed 
(Fig. 3J), with a mean lifetime of 425 s before 
scission. The distributions of lifetimes were sim- 
ilar at the superphysiological concentration of 
2 uM, which was used to facilitate visualization, 
and the near-physiological concentration of 
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200 nM (Fig. 3J). One to two diffraction-limited 
puncta of Snf7 intensity appeared at >7 SD in 11 
of 17 events analyzed. Typically, the puncta nu- 
cleated at the tube-vesicle junction (Fig. 3, F and 
G, and movie S2). Subsequently, the puncta 
sometimes moved or disappeared within the 
tubes. Snf7 puncta were essentially always co- 
localized with Vps4 (Fig. 3, F and G). At 2 uM, 
puncta contained in the range of 100 to 600 
copies of Snf7 (Fig. 3K), which could exceed the 
minimum needed for scission yet is also roughly 
consistent with estimates in yeast cells (29). 

To understand the relationship between the 
observed force (Fig. 4, A and B) and bulk and 
microscopic properties of the system, we quan- 
titated the nanotube radius over time. Nanotubes 
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used in this study were typically of a radius (7) 
of ~20 nm prior to ATP release (Fig. 4, C and D). 
The tubes began to narrow almost immediately 
following ATP release. Narrowing was associated 
with an increase in the amount of Snf7 and Vps4 
seen in the tubes (Fig. 4, E and F), while es- 
sentially no change was seen in the intensity of 
the GUV membrane or the amount of Snf7 and 
Vps4 associated with the GUV (Fig. 4, G and H). 
This behavior was consistent over 17 traces (Fig. 4, 
K to N). Final values of r reached 5 to 10 nm by 
the time of scission. The uncertainty in the final 
values of 7 was substantial, because the mem- 
brane fluorescence signal was weak when 7 was 
<10 nm. In the case of constant membrane 
tension o and bending modulus x, the initial 


composite 
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0 200 
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Fig. 1. ESCRT-III exerts an ATP-dependent force on membrane tubes. 
(A) Schematic of the experiment: a membrane tube (middle) is pulled out 

of a micropipette-aspirated GUV with a functionalized bead held in an optical 
trap, creating a reverse-curvature topology. Components of the ESCRT 
machinery and caged ATP are encapsulated in the lumen of the GUV. An optical 
fiber delivers UV light to uncage the ATP inside the vesicle and start the 
reaction. (B) Aspiration pipette, optical fiber, and UV light cone (blue) inside the 
microfluidic chamber for our experiments. (©) GUV (center) aspirated by the 
micropipette (left) and a tube-pulling bead (right). (D to G) Labeling different 
components of the ESCRT module [membrane label in (D), Snf7 in (E), Vps4 in 
(F); merged image in (G); 2 uM for all components] revealed a uniform 
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distribution of proteins in the lumen of GUVs. (H to J) Force profiles over time 
detected by optical tweezers on a membrane tube pulled from a GUV that 
encapsulates components of the ESCRT module. (H) Control experiment on a 
full ESCRT module but with ATP omitted. No change in force could be 
measured. (1) Control experiment on a full ESCRT module but with Vps4 
omitted. Apart from a minute dip in the force profile, which was due to 

small changes in osmolarity upon ATP uncaging, no effects were detected. 
(J) ATP uncaging (dashed line) in the presence of a full ESCRT module leads to 
a rise in force exerted on the tube, which is connected to the bead 

held by the optical trap. A large rise in force can overcome the trapping strength 
and pull the bead out of the trap. 
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and final force and radius are related to each 
other by the equations f/f, = (7/7, + 7./7)/2 and 


tty =F m= Atiey 


D, shows the values of f (Fig. 4, A and B) and r 
(Fig. 4, C and D) computed from the experimental 
values of r and f, respectively, with no adjustable 
parameters. The correlation between the mea- 
sured and computed values was generally excel- 
lent (Fig. 40). Consistent with an apparently 
constant «, there was no accumulation of Snf7 
on the GUV membrane over the course of the 
scission events (Fig. 41). Consistent with a con- 
stant o, the length of the membrane tongue in 
the pipette was typically constant (Fig. 4J). The 
formation of ESCRT puncta imposes nanotube 
radii smaller than the equilibrium radius 7,, 
which is associated with an increased pulling 
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force, f > f,. These findings are consistent with 
force generation by punctate microscopic as- 
semblies of ESCRTs within the nanotubes, leading 
to the constriction of membrane tubes followed 
by scission. 

It has been inferred that the core ESCRT-III 
proteins Snf7, Vps24, and Vps2, together with 
Vps4, comprise the minimal ATP-dependent 
scission machinery (J, 4, 30, 31). Here, we directly 
confirmed this idea by visualizing scission in a min- 
imal system that replicated a wide range of bio- 
logically validated structure-function relationships. 

The most notable finding from the reconsti- 
tuted system is that the core ESCRT-III proteins 
and Vps4 together exert an ATP-dependent axial 
force on the nanotube before severing. It was 
previously proposed (8) and then demonstrated 
(9) that Snf7 filaments have a preferred curvature 
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and may exert forces when bent above or below 
their preferred value. It had also been hypothesized 
that breakage or remodeling of ESCRT filaments 
by Vps4 could contribute to force generation 
(4, 15, 20, 32). Our observations now provide 
experimental confirmation that ESCRTs indeed 
can generate force from within a narrow mem- 
brane tube, and our results show that this force 
contributes to membrane constriction and is cor- 
related with reverse-topology membrane scission. 

ESCRTs (7, 10, 11) and the “normal topology” 
scission factor dynamin (33) have been visualized 
as cylindrical membrane coats, and Snf7 has 
also been seen in the form of large spirals of 
hundreds to thousands of copies (9). In the case 
of dynamin, extended coating of the tube is not 
needed, and one or a few rings appear capable of 
mediating scission (34). Our measurements of 


Fig. 2. Molecular deter- 
minants of force gen- 
eration. (A) Interaction 
network of the ESCRT 
module. ESCRT proteins 
(space-filling structures 
and dashed lines) inter- 
act with the membrane 
(gray, bottom) as well as 
with each other. Key 
components (ATP), 
catalytic sites, and inter- 
acting motifs are high- 
ee lighted in colors. (B to 
wats ry K) Individual compo- 
nents of the module 
contributed differently 
to the force exerted on 
membrane tubes: ATP 
and Vps4 were essential 


Vps24 


= 


mutations for force generation 

J K (B and C), and so was 

2uM 2uM ATP hydrolysis (J, 
catalytically dead 

Snf7 Snf7 Vps4EQ mutant) and 

Vps2 Vps2smm critical protein domains 

Vps24. ss Vips24 (K, Vps2 AMIM1). Only 

Vps4®2—Vips4 the full module (1), 

cATP cATP or pairings of Vps2 with 


Vps24 and Snf7 with 
Vps2 (G and H), led to 
significant force genera- 
tion. Our data are 
consistent with the 
known interactions 
underpinning the activity 
of the ESCRT machinery. 
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Fig. 3. Confocal imaging of ATP-dependent mem- 200 nM, N=14 5 8 
brane tube scission by ESCRTs. (A to E) Micrograph of zo € i a 600 
the experimental setup: the GUV (center, yellow) encap- 5 a 3) & 
sulating the ESCRT module and caged ATP was aspirated 3 Eo 6 400 
by a micropipette (left). A membrane nanotube was £ S © 3 
pulled from the GUV using a bead (right) in an optical = — 2uM > 200 
trap. Membrane, Snf7, and Vps4 are labeled with different —200nM €& 
fluorophores [composite (A) of individual channels shown 0+ 0 0 
in (B to E)]. Scale bar: 2 um. (F and G) Progression of two 0) 15 30 0 5 10 15 20 Snf7 Vps4 


representative membrane scission events (2 of 17). UV time to scission [min] time [min] 

illumination at t = O s. Snf7 (green) and Vps4 (cyan) 

puncta became visible at the vesicle-tube junction and migrated into the tube. Scission happened at ~410 s and ~650 s, respectively. Scale bar: 
1.5 um. (H and I) Tube remnants on the bead identified scission in the middle of the tube. [Brightness adjusted compared to (F) and (G).] 


(J) Quantification of tube scission. (K) Protein copy numbers in puncta. 
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tube membrane fluorescence intensity decreased, while the tube Snf7 and 

Vps4 intensities increased. (G and H) The GUV membrane fluorescence intensity 

profile over the time course of the scission event was essentially constant and showed no correlation with the force (Snf7, green; Vps4, cyan; 
membrane, red). SDs are shown as shaded areas. (I) Fluorescence intensity profiles of the GUV membrane at the start and at the end of the 
scission trace. No increase in protein fluorescence on the membrane was detected. (J) GUV aspiration projection at the beginning, middle, and end of 
the scission trace, showing essentially no change. (K to N) Averages (N = 17) SD of the force, radius, and tube fluorescence showed a consistent force 
rise, radius decrease, and fluorescence increase in the tube. (O) Correlation (r) between experiments and prediction for radius and force (N = 17). 
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scission by diffraction-limited puncta of Snf7 are 
consistent with imaging in cells (29) and with 
scission by rings or cones of molecular dimen- 
sions. The mechanical nature of constriction and 
force generation remains to be elucidated through 
structural approaches. 


REFERENCES AND NOTES 


1. J. McCullough, L. A. Colf, W. |. Sundquist, Annu. Rev. Biochem. 
82, 663-692 (2013). 

2. Y. Olmos, J. G. Carlton, Curr. Opin. Cell Biol. 38, 1-11 (2016). 

3. C. Campsteijn, M. Vietri, H. Stenmark, Curr. Opin. Cell Biol. 41, 
1-8 (2016). 

4. J. Schéneberg, |.-H. Lee, J. H. Iwasa, J. H. Hurley, Nat. Rev. Mol. 
Cell Biol. 18, 5-17 (2017). 

5. M. Babst, D. J. Katzmann, E. J. Estepa-Sabal, T. Meerloo, 
S. D. Emr, Dev. Cell 3, 271-282 (2002). 

6. D. Teis, S. Saksena, S. D. Emr, Dev. Cell 15, 578-589 (2008). 

7. P. |. Hanson, R. Roth, Y. Lin, J. E. Heuser, J. Cell Biol. 180, 
389-402 (2008). 

8. Q.-T. Shen et al., J. Cell Biol. 206, 763-777 (2014). 

9. N. Chiaruttini et al., Cell 163, 866-879 (2015). 

10. S. Lata et al., Science 321, 1354-1357 (2008). 

11. J. McCullough et al., Science 350, 1548-1551 (2015). 

12. M. J. Dobro et al., Mol. Biol. Cell 24, 2319-2327 (2013). 

13. A. G. Cashikar et al., eLife 3, e€02184 (2014). 

14. M. Lenz, D. J. G. Crow, J. F. Joanny, Phys. Rev. Lett. 103, 
038101 (2009). 

15. L.-A. Carlson, Q.-T. Shen, M. R. Pavlin, J. H. Hurley, Dev. Cell 
35, 397-398 (2015). 

16. N. Chiaruttini, A. Roux, Curr. Opin. Cell Biol. 47, 126-135 
(2017). 


1428 21 DECEMBER 2018 + VOL 362 ISSUE 6421 


17. M. Babst, B. Wendland, E. J. Estepa, S. D. Emr, EMBO J. 17, 
2982-2993 (1998). 

18. M. D. Stuchell-Brereton et al., Nature 449, 740-744 
(2007). 

19. T. Obita et al., Nature 449, 735-739 (2007). 

20. B. E. Mierzwa et al., Nat. Cell Biol. 19, 787-798 (2017). 

21. T. Wollert, C. Wunder, J. Lippincott-Schwartz, J. H. Hurley, 

Nature 458, 172-177 (2009). 

22. T. Wollert, J. H. Hurley, Nature 464, 864-869 (2010). 

23. V. Baumgartel et al., Nat. Cell Biol. 13, 469-474 (2011). 

24, N. Jouvenet, M. Zhadina, P. D. Bieniasz, S. M. Simon, 

Nat. Cell Biol. 13, 394-401 (2011). 

25. N. Elia, R. Sougrat, T. Spurlin, J. H. Hurley, 

J. Lippincott-Schwartz, Proc. Natl. Acad. Sci. U.S.A. 108, 4846 

(2011). 

26. J. Guizetti et al., Science 331, 1616-1620 (2011). 

27. M. Bleck et al., Proc. Natl. Acad. Sci. U.S.A. 111, 12211-12216 
(2014). 

28. M. A. Y. Adell et al., J. Cell Biol. 205, 33-49 (2014). 

29. M. A. Y. Adell et al., eLife 6, e31652 (2017). 

30. P. |. Hanson, A. Cashikar, Annu. Rev. Cell Dev. Biol. 28, 
337-362 (2012). 

31. W. M. Henne, H. Stenmark, S. D. Emr, Cold Spring Harb. 
Perspect. Biol. 5, a016766 (2013). 

32. N. Elia, G. Fabrikant, M. M. Kozlov, J. Lippincott-Schwartz, 
Biophys. J. 102, 2309-2320 (2012). 

33. B. Antonny et al., EMBO J. 35, 2270-2284 (2016). 

34. A. V. Shnyrova et al., Science 339, 1433-1436 (2013). 


ACKNOWLEDGMENTS 


We thank J.-Y. Lee, H. Aaron, S. Ruzin, and D. Schichnes for 
assistance with imaging; M. Vahey, D. Fletcher, and P. Lishko 
for advice on the aspiration pipette setup; A. Lee for assistance 


with the optical trap force calibration; and C. Glick for advice 
with the microfluidics. Funding: Research was supported by a 
Marie Sktodowska-Curie postdoctoral fellowship smStruct 

(J. S.), an NSF predoctoral fellowship (M.R.P.), NIH grant 
R56A1127809 and RO1GM032543 (C.B.), DOE grant DE-ACO2- 
05CH11231 (C.B.), the Howard Hughes Medical Institute 
(C.B.), NIH grant RO1AI112442 (J.H.H.), the Max Planck Society 
(A.H.B. and G.H.), and the German Research Foundation CRC 
807 (AH.B. and G.H.). Author contributions: Conceptualization, 
J.S., M.R., D.H.G, S.Y., M.R.P., A.H.B., C.B., G.H., and J.H.H; 
methodology, J.S., S.Y., M.R., D.H.G, A.H.B., M.R.P., I.-H.L., and 
L.-A.C.; Confleezers, J.S., S.Y., and I.-H.L., software, J.S.; formal 
analysis, J.S. and A.H.B.; investigation, J.S., S.Y., M.R., M.R.P., 
A.H.B., and D.H.G; resources, J.S., S.Y., M.R., M.R.P., L-H.L., 
L.-A.C., and X.R.; data curation, J.S; writing of original draft, J.S. 
and J.H.H; manuscript review and editing, J.S., S.Y., M.R., 
MR.P., |-H.L, L.-A.C, A.H.B., D.H.G., X.R., G.H., C.B., and J.H.H ; 
visualization, J.S.; supervision, G. H, C.B., and J.H.H. Competing 
interests: The authors declare no competing interests. Data 
and materials availability: All data are available in the main 
text or the supplementary materials. Code is available at 
https://github.com/JohSchoeneberg/Confleezers. 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/362/6421/1423/suppl/DC1 
Materials and Methods 

Figs. Sl to S4 

References (35-37) 

Movies Sl and S2 


1 February 2018; resubmitted 17 September 2018 
Accepted 7 November 2018 
10.1126/science.aat1839 


sciencemag.org SCIENCE 


Produced by the Science/AAAS Custom Publishing Office 


Polymer and Protein Molecular 
Weight Analyzer 

The BI-MwA Molecular Weight Analyzer 
from Testa Analytical Solutions is a high- 
performance tool for studying synthetic 
and natural polymers in solution as well 

as investigating protein aggregation, 
oligomerization, and complex formation. 
Employing a 30-mW, 660-nm diode laser, the 
BI-MWA uses seven angles to determine the intensity of scattered 
light as a function of angle and polymer concentration. Using this 
information, the system software can quickly produce Zimm, Berry, 
and Debye plots from which weight average molecular weight (Mw), 
radius of gyration (Rg), and second viral coefficient (A2) data are 
calculated. The BI-MwA can be used in batch or flow mode, as part 
of a multidetector gel permeation chromatography/size-exclusion 
chromatography (GPC/SEC) system, or for following the kinetics of 
polymerization using the tunable diode laser absorption spectroscopy 
(TDLAS) technique. 

Testa Analytical Solutions 

For info: +49-30-864-24-076 

www.testa-analytical.com 


Automated Rotary Vial Washer 

SP PennTech’s RW-500 rotary vial washer is a small, automated system 
designed for low-to-medium output pharmaceutical and biotech 
applications. This washer has only two moving parts inside the washing 
chamber, and does not use needles, minimizing the chance of glassware 
damage and the possibility of a U.S. Food and Drug Administration (FDA) 
483 notice for a product containing unintended particulates. Suitable 
for washing the full range of pharmaceutical vials from 2 mL-100 mL, 
the RW-500 combines effective vial washing with automatic tray loading, 
enabling outputs of up to 100 vials/min. Each vial format has a human- 
machine interface (HMIl)-selected “recipe” with specific settings for 
variables such as spraying time and indexing time. Water for injection 
may optionally be recycled, filtered, and reused for early wash stages, 
and intermittent spraying further reduces water consumption. 

SP PennTech 

For info: 845-255-5000 

sp-penntech.com/rw-500-vial-washer 


CRISPR/Cas9 Gene Editing Kits 

AMS Biotechnology (AMSBIO) offers CRISPR kits for almost any project 
type, including knockouts, knockins, point mutations, gene replacements, 
humanizations, tagging, and many more. CRISPR/Cas9 is a simple, effi- 
cient genome editing tool that allows for specific genome disruption and 
replacement, resulting in high specificity and low cell toxicity. The custom- 
designed CRISPR Complete Kit consists of CRISPR RNA (crRNA), transac- 
tivating crRNA (tracrRNA), Cas9 nuclease protein, and donor construct. 
The donor construct may be provided as oligonucleotide or plasmid, 
depending on project needs. AMSBIO also offers a comprehensive selec- 
tion of CRISPR/Cas9 products for genome engineering—including Cas9 
and guide RNA (gRNA) delivery systems in a flexible range of formats, 
homologous recombination donor vectors, and AAVS1 safe harbor target- 
ing. This includes all-in-one Cas9/gRNA vectors, vectors for multiplex 
gRNA delivery, Cas9 messenger RNA and protein for transfection, and 
quantitative PCR primers and antibodies for Cas9 detection. 

AMS Biotechnology 

For info: 800-987-0985 
www.amsbio.com/genome-editing-crispr-cas9.aspx 
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Custom High-Pressure Parallel Reactor 

The Asynt High-Pressure Parallel Reactor can be custom configured to 
optimally suit applications including homogeneous and heterogeneous 
catalysis, hydrogenation, carbonylation, corrosion testing, parallel 
synthesis, and screening. Typically constructed from durable 316 
stainless steel, this reactor is an affordable, compact unit that can be 
used to screen 10 mL x 30 mL reactions at pressures up to 200 bar 
and temperatures of 320°C. It can be used with a hotplate stirrer or 
customized for more rapid heating and/or multiple temperature zones. 
Several options are available, ranging from facilities for internal cell 
measurement, to sealed sample/additions valves, condenser jackets, 
electrical heating options, liquid charging systems, gas supply/mixing 
systems, air-driven stirrers, purged heating chambers, and more. 
Drawing upon skilled United Kingdom craftsmen, Asynt can also build 
these reactors from alternative materials, such as Hastelloy, Inconel, 
titanium, and alloy steels, allowing for greater heat capacity and use with 
particularly corrosive or caustic chemicals. 

Asynt 

For info: +44-(0)-1638-781-709 
www.asynt.com/product/custom-high-pressure-parallel-reactors 


hPSC Genetic Analysis Kit 

Human pluripotent stem cells (hPSCs), including embryonic 

and induced pluripotent stem cells, acquire recurrent genetic 
abnormalities during prolonged culturing. These karyotypic 
abnormalities can alter the behavior of stem cells, jeopardizing the 
validity of a disease model, drug screen, or cell therapy. The hPSC 
Genetic Analysis Kit from STEMCELL Technologies contains all required 
components to detect over 70% of the most common karyotypic 
abnormalities reported in hPSC cultures. This quantitative PCR-based 
kit enables screening of multiple human stem cell lines in a rapid, 
cost-effective manner. It uses double-quenched probes, which give 
superior performance over single-quenched probes, and detects the 
copy number of the minimal critical regions of commonly mutated 
genetic loci with high specificity and sensitivity. By addressing an 
unmet need in the field, it empowers researchers to confirm stem-cell 
culture quality and have confidence in their data. 

STEMCELL Technologies 

For info: 800-667-0322 

www.stemcell.com 


Lyophilizer 

The Ultra Lyophilizer from SP Scientific is a compact, free-standing freeze- 
drying system that can process bulk products, vials of all shapes and 
sizes, and large numbers of microplates. With the Ultra, you can specify up 
to 2.13 m? of useable shelf area in a footprint of only 1.13 m2. The highly 
polished 316 stainless-steel product chamber, shelves, and smooth- 
walled condenser chamber ensure that best-processing conditions can be 
easily maintained and that the freeze dryer gives many years of trouble- 
free operation. Up to 15 shelves can be specified, and interspacing can 
be simply rearranged in most models. With shelf temperatures as low as 
-70°C and condenser temperatures down to -85°C, the Ultra supports 

a wide range of applications. Easy-defrost condensers enable fast 
turnaround between runs. A choice of condenser capacities of 35 L or 

50 L allows you to select a high shelf-surface-to-condenser-surface ratio, 
which is most suitable for freeze-drying products requiring a very large 
amount of shelf area but containing less solvent, as is the case with many 
diagnostic kits and tissue-banking applications. 

SP Scientific 

For info: 845-255-5000 

www.spscientific.com 
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Chondrocyte is the only cell type present in the 
cartilage and the response of chondrocytes to anabolic/ 
catabolic stimuli is mediated by a wide variety of fac- 
tors acting through specific receptors. Activation of 
these receptors leads, through cell signaling, tran- 
scriptional upregulation and post-transcriptional regu- 
lation, to a program of chondrocyte responses that 
determines the fate of the articular cartilage. Our 
laboratory is focused on identifying the novel tran- 
scriptional and post-transcriptional regulators of chon- 
drocyte genes expression in diseased and healthy 
cartilage. Experience with animal models of OA will be 
a plus. Candidates with experience in RNA/miRNA 
biology will be given preference. Responsibilities in- 
clude designing, conducting, and analyzing scientific 
experiments in her/his field; presenting research re- 
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Assistant, Associate or full Professor faculty posi- 
tions are available for the Division of Molecular Car- 
diovascular Biology, within the Heart Institute, in the 
Department of Pediatrics at Cincinnati Children’s Hos- 
pital Medical Center. These will be regular, tenure- 
track faculty appointments. The applicant should have 
a Ph.D., M.D. or M.D.-Ph.D. with a research program 
that investigates or can be applied to the investiga- 
tion of the molecular biology of cardiac muscle, al- 
though applicants with a skeletal muscle research focus 
will also be considered. The successful applicant will 
receive a generous startup package and join a multi- 
disciplinary, world-renowned faculty performing cutting- 
edge heart and skeletal muscle research with a strong 
emphasis on disease mechanisms. Cincinnati Children’s 
Hospital Medical Center was named the second best 


children’s hospital in the United States in the 2018 
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ranking recipient of research grants from the NIH 
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tion programs, all directed at providing comprehen- 
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Advanced Innovation Center for Intelligent Robots and Systems 


Beijing, China (Valid before Jan. 2020) 


The Advanced Innovation Center for Intelligent Robots and Systems, Beijing Institute of Technology (BAICIRS) is recruiting outstanding scientists & engineers in 
areas including but not limited to: 


e@ Mechanism design for legged robots e Pneumatic artificial muscle 

e Operating mechanism design e EtherCAT communication 

e Hydromechatronics drive e SLAM 

e Synthetic simulation system based on high-level architecture e MEMS device design 

e Vision processing algorithms © Software/hardware design for embedded system 

e Micro/nano device design © Cerebral function imaging 

e Laser imaging sensor design e Human health indicators collection and processing 
e EEG & EMG signal acquisition and processing e Detection of mobile device inside human body cavities 
e Electromagnetic field signal collection and improved algorithm e Artificial intelligence 

e Neurophysiology of perception and motion control e Cell communications and neural transmission 

e Biomaterial preparation and development e Tissue engineering 

@ Cell electrophysiological research e Three-dimensional dynamic simulation 

e Soft robot dynamics e Robotic appearance design 

e Prosthetic design and control e Animation design 


Beijing Institute of Technology (BIT), founded in 1940, has always been a leading institution of science and technology in China. In 2016-2017, BIT was ranked 
among the Top 400 in QS World Universities Ranking, as well as the 15th among the Chinese universities in the above rankings. The fundamental research on engi- 
neering, material science, chemistry, physics, computer, mathematics and social science in BIT is among the top 1% in ESI ranking. 


BAICIRS, as a secondary institute subordinated to BIT, was founded in August 2015 among the first batch of 13 advanced innovation centers accredited by Beijing 
Municipal Education Commission. Focusing on national major demands and the global research fronts in intelligent robots and systems, and with the objective to 
yield solutions for a series of major and frontier scientific issues, BAICIRS endeavors to make breakthroughs in theories and technologies of locomotion bionics, 
multiscale perception and manipulation, biomechatronic fusion and interaction, and system control and integration, through comprehensive and interdisciplinary inte- 
gration of molecular bionics, bionic mechanics, multiscale perception and manipulation technologies, and multiple artificial intelligence technologies. 


BAICIRS provides favorable research environment, including a spacious lab covering 8 different floors in one building in the modernized Science Park of BIT, with 
the floorage of 15,000 m in total, and advanced research equipment and facilities, furnishing a world-class environment for research activities. 


BAICIRS invites applications for the following positions: 

1.Positions Supported by the National “Young Thousand Talents Program” 

> Qualifications 

e The applicants are required to hold a Ph.D. and have at least three years overseas research experience in world-class universities, research institutes, or top-ranking 
overseas companies. Applicants with overseas experience and who are now working in China for less than one year will also be considered. 

e Under the age of 40. Exceptional candidates who have made outstanding research discoveries will be considered as individual cases. 

> Benefits 

e Professorship and Ph.D. supervisor, with special enrollment quotas for graduate students. 

e A subsidy of CNY 2-6 million for research funding and laboratory space provided by BIT. 

e Annual salary of CNY 420,000 (insurance and accumulation fund paid by BIT not included). 

@ Opportunity of buying a new flat of one sitting room and two bedrooms with a discount of CNY | million compared to the market price or a subsidy of CNY 2 mil- 
lion. Assistance of housing during the transition period will be provided. 

e Assistance in placement of children and spouse for educational and job opportunities. 

e International travel expenses will be covered for the interview, with recommendations to other positions if not recruited. 


2. Tenure-Track Positions 

> Qualifications 

e The applicants are required to hold a Ph.D. and have more than 2 years’ experience at world-class universities or research institutions, under the age of 35 for associate 
professor and 32 for assistant professor. 

e The applicants are required to have expertise about the latest development in the research area with highly recognized research achievements, show potential for 
being future academic leaders to develop new research directions, and be supported by high-level papers as the first author or corresponding author. 

> Benefits 

e Professorship/associate-professorship and supervisor of Ph.D./master’s degree students, with special enrollment quotas for graduate students. 

e Annual salary of CNY 300,000-360,000 (Insurance and accumulation fund paid by BIT not included). 

e Research start-up funds of CNY 400,000-600,000. 

e Assistance in the placement of children’s educational opportunities. 


Application Instructions 

Please send your resume, which includes: 

e a list of publications (necessary) and 

e a future research plan (preferable) 

to the following two emails: 
ninger1979@bit.edu.cn; rouer_dai@bit.edu.cn 
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Welcome to visit website http://baicirs.bit.edu.cn/english/ 
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The year 2018 is of special significance to China because it marks the 40th anniversary of the Reform and 
Opening-Up, and the fifth year since the Belt and Road Initiative started. 

If the momentous economic changes that have taken place in this great East-Asian country over the last few 
decades were presented in motion pictures, they would appear as epic and magnificent. But what matters the 
most, and is really behind all of the country’s recent prosperity, is the formation of a set of theories with uniquely 
Chinese characteristics. Because of these theories, China found that it no longer needed to blindly follow the so- 
called “truths” that underlie the patterns of development in other countries. The country has proved by its actions 
that the path it’s walking on is the right one, and this path has become the driving force for its high-speed growth 
and the motivation for the Belt and Road. 

As of July 2018, more than 100 countries and international organizations have signed agreements with China to 
work on the Belt and Road Initiative—countries ranging from Eurasia to Africa, Latin America, the Caribbean, 
and the South Pacific. And now the basic design of the Belt and Road has been completed, and all its supporting 
pillars have been built: The project has been included in the international discourse system and written into reso- 
lutions of the United Nations General Assembly and the United Nations Security Council. A three-part structure 
of international cooperation has emerged, which is (1) based on bilateral cooperation, (2) supported by a multilat- 
eral mechanism, and (3) led by summit forums. Under the Belt and Road, and based on the principles of equality, 
openness, and benefit-for-all, China has formed an open international system in which countries can work togeth- Shixin Wang 
er toward their goals. It can be said that the domestic and international achievements represented by both the 40 Deputy Chief Editor of 
years of the Reform and Opening-Up and the five years of the Belt and Road have rested on these same principles China Education Online, 
of cooperation and on a win-win spirit. Chief Executive Editor of 

Of course, the economy isn’t the only thing that has changed in China. Along with economic developments, AcaBridge 
significant evolution has occurred in the country’s educational system. 


The academic explosion in China Before the research of Xie and Greenberg was completed, Science 


and Engineering Indicators 2018, released by the U.S. National Science 
Foundation at the beginning of this year, showed that 426,000 science 
and engineering papers were published in China during 2016, more than 
the 409,000 papers published in the United States during the same year. 
China is catching up with the United States at an amazing speed, not 
only in terms of the number of scientific papers published, but also in 
terms of their quality. Papers published in 82 top science and technolo- 
gy journals were analyzed, and the result was published by the Nature 
Index (of Nature magazine). It shows that China has overtaken Europe, 
Japan, and South Korea and become second only to the United States, 
which ranks first. “Judging by the current trend, it’s likely that China 
will replace the United States in terms of the quality of papers after 
seven to eight years, in around 2025,” Nature predicted. Xie and Free- 
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According to a recent report from Bloomberg News, Qingnan Xie 
of the Nanjing University of Science and Technology and Richard B. 
Freeman of Harvard University analyzed the total number of papers 
published in scientific fields from 2000 to 2016 in China. The research 
showed that, in the fields of physics, engineering, and mathematics, 
the proportion of papers published by Chinese scholars grew four- 
fold during this period. In 2016, this number exceeded the number of 
papers published by American authors. And when selecting Chinese 
authors rather than going by which country a paper was published in, 
the number rose even higher. More than 30% of all papers published 
in the fields of physics, engineering, and mathematics were written by 
Chinese scientists. 
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man analyzed the authors whose papers were published in Nature 
and Science during 2016, and found that 20% of them were from 
China—and that percentage has doubled. 

The “engine” that has propelled China to catch up with the 
United States at such an astonishing pace is ultimately powered 
by outstanding people—and of course, financial support. In terms 
of annual R&D expenditures, reported by the Science and Engi- 
neering Indicators 2018, the United States in 2015 led the world 
with USD 497 billion, accounting for 26% of the global total 
amount; China ranked next with USD 409 billion, accounting for 
21%. However, as for the annual rate of growth for R&D expendi- 
tures, China’s annual rate is 18%, which is more than four times 
that of the United States (4%). 


Breaking the “Five-Only” standard 


In October 2018, the Chinese Ministry of Science and Tech- 
nology, along with the Ministry of Education (MOE) and other 
ministries, issued a notice implementing a new policy aimed at 
eliminating the “Four-Only” standard for academic evaluation, 
which “examines only the numbers of published papers, and judges 
people only by their titles, only by their degrees, and only by the 
awards they have received.” In November, the MOE issued another 
notice that added an additional standard: “judges people only by 
their positions” (hereafter the “Four-Only” standard will be re- 
ferred to as the “Five-Only” standard). The implementation of this 
new policy caused great shock and much heated discussion. 

This directive is not only a correction of several problems that 
have long been criticized throughout Chinese academic circles, but 
also a challenge to some international practices and common rules. 

Some observers believe that the purpose of eliminating the 
“Five-Only” standard is to deepen the reform of the educational 
system in China’s colleges and universities, to encourage people 
to research and educate with the right moral values, to reverse the 
trend of applying unreasonable academic evaluation standards, 
and to encourage the practice of evaluating papers according to 
their quality, the scientific contributions they make, and the influ- 
ence they have on their field. Such a system will inspire passion 
and a spirit of innovation, and will help create a more “level play- 
ing field” for people in all career paths. 

Nevertheless, there are those who worry about how the new 
evaluation rules will be put in to practice after the old ones are 
gone, and how to define the line between what’s “normal” and 
what’s not. If these issues are not resolved, the result will be a 
chaotic academic evaluation system, and even the standards of 
“Double-First Class” universities will be affected. 

However, those who are concerned have perhaps not considered 
the profound impact that bringing about these new standards will 
have. It’s true that these issues are not only problematic in China, 
but also in other academically advanced countries. But one can 
see this new approach as an opportunity. There’s an old saying in 
China that goes, “Great chaos promotes great solutions,” which in 
this case means that if by resolving the old issues, a new set of ac- 
ademic evaluation standard is created that promotes innovation, it 
will greatly motivate China’s progress in science and technology. 
The influence of these developments could be dramatic. 


Establishment of Westlake University 


On October 20, 2018, Westlake University was formally estab- 
lished. Five Nobel laureates, dozens of principals and represent- 
atives from home and abroad, and nearly 100 donors gathered in 
Hangzhou to celebrate the university’s founding. 

The opening of Westlake reflects China’s progress, and is a real 
breakthrough. Internationally, elite schools are mainly private uni- 
versities, while Chinese higher education is basically dominated by 
public colleges and universities. Though this pattern has demon- 


strated its advantages, it has also encountered a series of problems 
brought about by administrative difficulties and other reasons. 

Westlake University is China’s first privately funded research 
university, developed through the collaboration of many different 
groups and with the approval of the Chinese government. High 
hopes were placed on the university both from the international 
community and all sectors of society. These hopes are represent- 
ed in the letter of congratulation sent by the MOE to Westlake 
University: “The establishment of Westlake is the positive at- 
tempt of social forces to establish research-based universities and 
is a positive action for servicing the national innovation-driven 
development strategy. It is of great significance to the reform and 
innovation of the Chinese higher-education system.” From its pro- 
posal, submitted on March 11, 2015, to its founding on October 
20, 2018, Westlake was established in only 1,319 days. This great 
speed is further evidence of the powerful support and tremendous 
encouragement flowing out from all sectors of Chinese society to 
this research-based university. 

The university’s greatest significance lies in its implementation 
in the mode of “universities established mainly by foundations.” 
The School Board is the highest decision-making body at West- 
lake. Previously, Chinese universities were mainly funded by 
government (public, institutional) and only supplemented by mar- 
ket contributions (private, profit-making), while Westlake took a 
different path, to operate with private funding. 

What’s even more fascinating is the organizational concept and 
institutional arrangement behind Westlake University. All rules 
and regulations at Westlake University have been organized on 
the basis of full consideration of China’s national conditions; they 
also follow international standards and fully reflect the changes 
characteristic of globalization, and are seen in the university’s 
teaching and research, administrative services, logistical sup- 
port, campus culture, and other aspects. For example, in terms of 
system design, the Principal Accountability System has been es- 
tablished under the leadership of the School Board, and the Party 
Committee of Westlake University has been organized to guaran- 
tee adherence to the accepted governance principles of teaching, 
administrative management, and academic guidance determining 
administrative services. 

As for Westlake’s specific institutional arrangement, there are 
many interesting facets to note: Vocational administrative ser- 
vices free teachers from the red tape of daily routines; efficient 
research platforms ensure the smooth progress of cutting-edge 
science; and teachers are responsible for formulating the rules and 
regulations of university governance and handing them over to 
Westlake’s administrative teams and scientific research platforms 
for specific implementation. 

In particular, Westlake University proposes to build an aca- 
demic evaluation system that encourages innovation. “Neither the 
number and citation rate of academic papers nor the influencing 
factors of academic journals will be the main indicators of ac- 
ademic evaluation in Westlake University.” Here, the academic 
evaluation of scientists depends mainly on whether their research 
is at the forefront of relevant fields and has the potential to make 
a substantive impact. The humanistic care and truly academic 
atmosphere generated by this new evaluation mechanism will be- 
come part of the unique campus culture of Westlake University. 

If the groundbreaking pattern established by Westlake proves 
to be workable, then other private colleges and universities in 
China will hopefully follow suit. 


AcaBridge invites outstanding scholars from home and abroad to 
reach out to us. There’re more than 10,000 academic job vacancies in 
China. We’ll help you contact colleges and universities, provide one- 
on-one, personal consultation, and help you learn about and apply for 
talent-recruitment programs. If you need any help, please contact our 
recruitment consultant at consultant@acabridge.edu.cn. For more 
details, visit our website at www.edu.cn/jjtp. 
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State Key Laboratory of Microbial Technology, Shandong University: 
To Fuel, Feed, Heal, and Clean the World with Microbial Technology 


Youming Zhang, Ph.D., 
Director, Professor, SKLMT 
Shengying Li, Ph.D., 
Professor, SKLMT 
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SHANDONG UNIVERSITY 


The program of microbiology at Shandong University has a long 
and brilliant history, where the earliest Doctor’s and Master’s degrees 
in Microbiology in China were awarded. As a pioneer of microbiolo- 
gy education in China’s universities, this program has trained a large 
number of microbiology professionals since 1950s. On the basis of 
this program, the State Key Laboratory of Microbial Technology 
(SKLMT) was founded in 1987 at Shandong University. 


Overview 

Microbial technology is the core biotechnology and the central 
driving force for the development of life sciences. It plays essential 
roles in solving the major problems that “a community of shared fu- 
ture for mankind” is now facing, such as climate change, fuel short- 
age, food crisis, infectious and incurable diseases, and environmental 
disruption. To address these global challenges, SKLMT is dedicated 
to the development of innovative microbial technologies, with an em- 
phasis on resources and environmental microbial technology, phar- 
maceutical microbial technology, industrial microbial technology, 
and marine microbial technology. 

Over the past 30 years, SKLMT has fostered a growing number of 
cutting-edge researches including the Red/ET DNA recombineering 
and DNA direct cloning technology, industrial application of the cel- 
lulase over-producing Penicillium strains, the mechanisms of bioge- 
ochemical cycling driven by marine microorganisms, myxobacterial 
genetics and chemecology, and biomass-based bioproduction of high 
value-added chemicals, to name a few. 

Global challenges call for global collaborations. SELMT on one 
hand gathers international scholars to carry out joint researches, on 
the other hand contributes Chinese wisdom to accelerate the develop- 
ment of applicable microbial technology. For example, the Shandong 
University—Helmholtz Institute of Biotechnology, co-built by Shan- 
dong University (SDU), the Helmholtz Center for Infection Research 
(HZI) and the Institute for Drug Science (HIPS), was officially es- 
tablished in 2014. On this platform, international forums, exchanges 
of students and scholars, co-publication of high impact papers, and 
technology transfers are in bloom. 


From land to ocean 

Limited by the previous laboratory’s location and the accessibility to 
marine microorganisms, the early research activities of SKLMT were 
focused on terrestrial microbial resources. The relocation of S(LMT 
in 2016 from inland Jinan to coastal Qingdao, which is the Interna- 
tional Center for Marine Scientific Research and Education, paves the 


broadway to ocean for SKLMTers. Prof. Zixin Deng, an Academician 
of the Chinese Academy of Sciences as well as the Director of the 
SKLMT Academic Council, encourages more Chinese microbiologists 
to “Xia Hai” (pursue the studies on marine microorganisms). To date, 
SKLMtTers have isolated and identified a large number of new species 
of marine microorganisms from deep sea and polar region, significant- 
ly enriching our knowledge on the underexplored marine microbial 
resources. The team led by Profs. Xiulan Chen and Yu-zhong Zhang 
keeps providing new molecular insights into diverse microbial enzymes 
for transformation of marine organic matters that are important partic- 
ipants in the global biogeochemical cycles of carbon, nitrogen, sulfur, 
and phosphorus. In the future, SKLMT will place a high premium on 
marine microbial resources and make greater efforts on exploring the 
solutions to the above-mentioned global challenges from the plethora 
of oceanic microorganisms. 


Embracing synthetic biology 

Born in the post-genomic era, synthetic biology has conceptually 
and technically been reshaping all aspects of life sciences including 
microbiology and biotechnology. SKLMT has been embracing the 
revolutionary changes brought by synthetic biology. Today, a number 
of SKLMTers are at the forefront of synthetic biology. Prof. Youming 
Zhang is the inventor of the Red/ET DNA recombineering technol- 
ogy, with which the large DNA fragments (> 100 kb) can be directly 
cloned from genomes. Combined with CRISPR-CAS, the upgrad- 
ed Red/ET recombineering system has become more efficient and 
accurate, thus being applied for constructions of drug biosynthetic 
pathways, magnetic nanostructures, and humanized animal models 
for antibody production. This pioneering microbial technology is 
now widely used in global laboratories as well as pharmaceutical and 
biotechnology companies. Recently, Profs. Luying Xun and Lichuan 
Gu invented a “TS exonuclease DNA assembly” (TEDA) method, 
which is simpler, cheaper, and more efficient than the existing Gibson 
assembly and the commercial In-Fusion method. 

Besides these new enabling technologies, the world-class libraries 
of catalytic parts for diverse purposes in synthetic biology, such as the 
microbial P450 enzyme library, the redox partner protein library, the 
glycosidase library, the glycosyltransferase library, and the extreme 
enzyme library have been built at SELMT. In addition, the teams led 
by Profs. Yuezhong Li, Qingsheng Qi, Yuemao Shen, Guanjun Chen, 
Lushan Wang, Xiang Gao, Shengying Li and others have made sig- 
nificant progresses on constructing diverse advanced microbial cell 
factories based on bacteria, myxobacteria, Streptomyces, yeasts, and 
filamentous fungi. 

At present, SKLMT is globally recruiting young talents to join us 
in order to develop the disruptive microbial synthetic biology tech- 
nologies such as “transparent chassis” and “smart P450 enzyme” to 
make our SKLMTers’ voice in the world. 


ADVERTISEMENT 


jing Agricultural University 
Welcomes Talents from All Over the World 


About us 


Nanjing Agricultural University is a university under 
the administration of the Ministry of Education and 
has been selected and included in the National 
“Double — World-Class” 
Initiative. In the fourth-round national first-level 


University = Construction 


discipline evaluation in 2017, it had four disciplines 
listed in Class A+, ranking itself the 11th of the top 
universities in China. In the ESI rankings, it had seven 
disciplines ranked among the top 1% worldwide, and 
two of the disciplines, Agricultural Science and Plant & 
Animal Science, among the top 1%o. The US News 
2018 has listed NAU the top 9 among the Best Global 
Universities of Agricultural Sciences. 


Fields of research 
The fields of research you are invited to join in are: 


Agricultural Sciences including : 


Crop Science, Horticulture, Agricultural Resources & 
Environment, Plant Protection, Animal Husbandry, 
Veterinary Science, Fisheries Science, and Grass Science; 


Science and Technology including : 


Biology, Ecology, Environmental Science & 
Engineering, Food Science & Engineering, Landscape 
Architecture, Agricultural Engineering, Bioinformatics, 


and Computer Science & Technology; 


Humanities and Social Sciences including : 


Management, Economics, Sociology, Legal Science, 
History, Literature, and Linguistics. 


You are also welcome to join us in the following 
Interdisciplinary Subjects : 


Genomics & Phenomics, Microorganism-Botany-Pest 
Interactions, Food Nutrition and Human Health, 
Agricultural Equipment Engineering, Agricultural 
Informatics, and so on. 


Position requirements 


Doctorate recipients from world famous universities; 


postdoctor researchers from famous research 
institutes; and talents with professional titles of 
associate professor, professor or other higher titles, 
from world-famous higher institutions or research 
institutes, and with outstanding teaching and research 


achievements. 


NAU will offer you a benefits package which is 
competitive among the universities in the local area 
and which will be negotiated in person. 


Talent introduction policy 


You will enjoy a talent allowance equivalent to those 
for the Zhongshan Scholars of NAU who are 
Zhongshan Distinguished Professor, Zhongshan 
Professor, Zhongshan Fellow, and Zhongshan Young 
Scholar, according to your qualities for recruitment; or 
we may talk and agree on your annual salary. 


Specific conditions of your research team, laboratory, 
graduate students to supervise, accommodation, and 
employment of your spouse are to be discussed in 
person. 


Note: The Zhongshan Scholars is an NAU-developed 
open initiative to support career development and 
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academic innovation for leading scientists of today 
and tomorrow, and it is a major initiative to construct a 
world-class university and to establish world-class 
disciplines, so as to realize NAU’s strategy of 
rejuvenation by talents. Recruitment is divided into 
four categories:Zhongshan Distinguished Professor, 
Zhongshan Professor, Zhongshan Fellow and 
Zhongshan Young Scholar. Special talent allowance is 


provided for these outstanding scientists. 
Application documents 


Please prepare and email to rcb@njau.edu.cn the 
ollowing documents for your qualification: 


* a detailed CV, starting from your undergraduate 
education till the time of your application, including 


periods of continuous education, working experience, 
publications, research projects hosted or participated 
in, and certificates of awards. 


¢ photocopies of diplomas, certificate of doctor's 
degree, and certificate of current employment 


¢ Full texts of five representative papers published in 
the past five years. 


Contacts: 
Ms. Liu Hongmei 


Telephone: 
+86-25-84399039 


Email address: 
rcb@njau.edu.cn 


online @sciencecareers.org 
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ShanghaiTech University is a young and 
dynamic higher education institution aiming 
for high-quality research and global influ- 
ence. To address challenges faced by China 
and the world, it seeks innovative solutions 
in energy, materials, environment, human 
health, data science, artificial intelligence 
(AJ), and electrical engineering. An integral 
part of the Zhangjiang Comprehensive Na- 
tional Science Center, the university is now 
leading several frontier research projects at 
large-scale facilities. For more information, 
please visit: www.shanghaitech.edu.cn. 


pply: using this format, please submit a cover 
letter (Firstname_Lastname_Cover_Letter.pdf), a 
research plan (Firstname_Lastname_Research_ 
Plan.pdf), and a CV (Firstname_Lastname_CV.pdf) 
to shanghaitechuniversity@gmail.com. 
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We are now seeking talented researchers for multiple faculty positions at all ranks in the follow- 
ing fields: 

School of Physical Science and Technology: energy, system materials, photon and condensed 
state, material biology, environmental science and engineering 

School of Life Science and Technology: molecular and cell biology, structural biology, neuro- 
science, immunology, stem cells and regenerative medicine, system biology and biological data, 
molecular imaging, biomedical engineering 

School of Information Science and Technology: computer science, electrical engineering, 
information engineering, artificial intelligence, network and communication, virtual reality, sta- 
tistics, big data and data mining 

School of Entrepreneurship and Management: economics, finance, accounting, manage- 
ment, marketing, strategy and entrepreneurship 

School of Creativity and Art: Innovative Design, Filmmaking, Game Design, Tech-driven Art, 
Big Data Visualization, Creativity, Design Thinking 

Shanghai Institute for Advanced Immunochemical Studies: antibody therapy, Immunothera- 
py, cell therapy, regeneration medicine 

iHuman Institute: bio-imaging, biology, chemistry, computational biology, Al/ML 

Institute of Mathematical Sciences: pure mathematics, theory of computing, applied mathematics 


Successful applicants will have a doctoral degree, and are expected to establish a record for 
independent, internationally recognized research, supervise students and teach high-quality 
courses. 


ShanghaiTech University will offer attractive compensation packages, including: Initial re- 
search support package: reasonable start-up funds, research associates and post-doctoral fel- 
lows, laboratory space to meet research needs 

Compensation and benefits: highly competitive salary commensurate with experience and 
academic accomplishments, a comprehensive benefit package Subsidized housing: on-campus, 
80/100/120 m? faculty apartments available at low rent for tenure and tenure-track faculty 
Relocation & travel allowance: reimbursement of expenses for household relocation and fam- 
ily’s one-way travel 

Family assistance: support with children’s education; affiliated kindergarten, primary and mid- 
dle schools are under construction 
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The Chinese University of Hong Kong, Shenzhen | 


Professor/Associate Professor/Assistant Professor/Lecturer 


Located in the Longgang Dis- 
trict of Shenzhen, The Chinese 
University of Hong Kong, 
Shenzhen (CUHK-Shenzhen) is a 
research-intensive university, es- 
tablished in 2014 through a Main- 
land—Hong Kong collaboration 
with generous support from the 
Shenzhen Municipal Government. 
It inherits the fine academic tradi- 
tions of The Chinese University of 
Hong Kong and will develop its 
academic programmes in phases 
and offer courses in Schools of 
Science and Engineering, Manage- 
ment and Economics, and Human- 
ities and Social Science. English 
is the main language for course 
instructions, and the students will 
receive degrees of The Chinese 
University of Hong Kong. At pres- 
ent, several research centers have 
been established in the School of 
Science and Engineering, includ- 
ing Arieh Warshel Institute of 
Computational Biology, Kobilka 


Guangdong Ocean University (GDOU), \o- 


Institute of Innovative Drug 
Discovery, Hopcroft Institute for 
Advanced Study in Information 
Sciences, and Shenzhen Key Lab- 
oratory of Semiconductor Laser. 


Post Specification 

The School of Science and 
Engineering invites applications 
for multiple faculty positions at 
both senior and junior levels in 
the areas of Computer Science, 
Data Sciences, Electrical Engi- 
neering, New Energy Science and 
Engineering, Material Science and 
Engineering, Physics, Robotics, 
Chemistry and Organic Chemistry, 
Bioinformatics, Computational 
Biology, Molecular Simulation, 
Computational Chemistry, Cell 
Biology and Molecular Biology, 
Structural Biology (in particu- 

lar G-protein couple receptors), 
Pharmacology, Stem Cell Biology, 
Regenerative Medicine, Biomed- 
ical Science and Engineering, 


Statistics, Mathematics, Financial 
Engineering, and Quantitative Fi- 
nance. Applications in other areas 
will also be considered. 


Junior applicants should have (i) a 
PhD degree (by the time of report- 
ing for duty) in related fields; and 
(ii) high potential in teaching and 
research. Candidates for senior 
post (Associate and Full Profes- 
sor) are expected to have demon- 
strated academic leadership and 
strong commitment to excellence 


in teaching, research, and services. 


Junior appointments will normally 
be made on contract basis for up 
to three years initially, leading to 
longer-term appointment or tenure 
later subject to review. Excep- 
tional appointments with tenure 
will be considered for candidates 
of proven excellence. Applicants 
are encouraged to check out the 
details about the university at 
http://www.cuhk.edu.cn/en. 


Salary and Fringe Benefits 
Salary will be comparable to 
international standards, com- 
mensurate with experience and 
accomplishments. Appointments 
will be made under the establish- 
ment of CUHK-Shenzhen, and 
employee benefits will be provid- 
ed according to the relevant labor 
laws of Mainland China as well 
as CUHK-Shenzhen regulations. 
Subsidies from various govern- 
ment sponsored talent programs 
will also be made available for 
eligible candidates http://www. 
cuhk.edu.cn/UploadFiles/talent- 
sprogramoutline.pdf 


Application package, includ- 

ing CV and contacts of three 
referees, as well as personal 
statements in teaching, research, 
and service, should be emailed 
to: Talents4SSE@cuhk.edu.cn. 
Applicants are required to specify 
the rank of the position in their 
letter of application. Applicants 
also need to ask three referees 

to send the letters directly to 
Talents4SSE@cuhk.edu.cn upon 


submitting application materials. 


Recruitment of Global Talents for 


cated in a beautiful, southernmost coastal city, 
Zhanjiang, in mainland of China, is a key insti- 
tution featured with Ocean Science and Fisheries 
Sciences. GDOU provides full range of academic 
programs at undergraduate and graduate level, 
including PhD programs in Fisheries Science, 
Food Science & Technology, and Ocean Science. 
Our main campus is located at the east side of 
Huguangyan International Geological Park (4A). 
This dream campus, 806 acres in total, a beautiful 
place facing sea and surrounded by mountains, is 
home to studying, teaching and research facilities. 
At GDOU more than 32,000 students from dif- 
ferent countries come together to discover. Over 
2,500 qualified and brilliant staff and faculty are 
contributing to teaching, researching and more at 
GDOU. GDOU is proud to have 16 key laborato- 
ries or Engineering.Research Centers of Guang- 
dong Province and 15 affiliated research institutes. 


Due to the fast development;GDOU is now re- 
cruiting high#levelefaculty from China and abroad. 


= Guangdong Ocean University 


1. Disciplines 

Science, Engineering, Agronomy, 
Economics, Management, Law, Lit- 
erature, Education, marine-related 
disciplines, Art etc. Please find the 
details in GDOU website. 


2. Job Description 


Teaching and research in university 


3. Job Requirements 

(1) PhD from oversea or domestic 
universities/research institutes 

(2) Be capable of teaching and 
researching in university 


4. Contact Information 
1, Applicants'can Send a detailed 
CY to gdouszkreyj@163.com: 


Please detail your education, 

work experience, publications and 
research interests etc and use Appli- 
cant’s Name + Profession (Field of 
Research) + Current Institution of 
Study or Work + Interest Recruit 
Type as the subject of the email. 

2. Should you have any questions, 
please contact Dr. Jichang Jian or 
Ms. Xiaolei Li. 


telephone: (+86)0759-2383281 
email: gdouszkrcyj@163.com 


3. GDOU Website: 
http://www.gdou.edu.cn, 
Reetutment: http://news.gdou.edu. 
en/special/showsphp? specialid=12 
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Multiple Faculty Positions Open in RNA Biosciences 


The newly founded Center for RNA Biomedicine, funded as part of the $150M University of Michigan 
Biosciences Initiative, solicits applications for faculty positions at the assistant professor level, but 
appointment at a more senior level is possible for applicants with suitable experience. The faculty positions 
will be tenure track or tenured with university year appointments starting Sep. 1, 2019, or Jan. 1, 2020. 


Candidates must have the following qualifications: 

* A PhD, MD, or other terminal degree 

* Evidence of superlative scientific accomplishment and scholarly promise 
* Depending on field, evidence of teaching excellence 


Primary school and departmental affiliation(s) will be determined by the applicant’s qualifications and 
preferences, and by relevance of the applicant’s research program to departmental initiatives and themes. We 
welcome applications from outstanding scientists in any area of RNA research complementary to existing 
expertise at Michigan, with particular emphasis on RNA drug targeting or as medicine, structural biology of 
RNA nanomachines, RNA structural in vivo profiling, RNA protein interaction profiling, and in vivo analysis 
of long non-coding RNA function. For further information about the Center for RNA Biomedicine’s 
current research areas, please visit umichrna.org. 


All applications must be submitted online at rna.lsa.umich.edu/facRecruiting. You will be asked 
to upload the following materials: a cover letter, a curriculum vitae, a brief summary of recent research 
accomplishments and statement of future research plans, and a statement of teaching interests and philosophy. 
Candidates for appointment as an assistant professor should provide names and contact information for at 
least three references, as instructed in the online application form. To ensure full consideration, all materials 
should be received by Jan. 15, 2019. 


Women and underrepresented minorities are encouraged to apply. The University of Michigan is 
supportive of the needs of dual career couples and is an Equal Opportunity/Affirmative Action Employer. 


Learn more about the Biosciences Initiative at 
University of Michigan: biosciences.umich.edu 


For more information, contact us directly at 
mjerant@umich.edu or 734-615-8213 


Iv CENTER FOR RNA BIOMEDICINE 7 Yy__| BIOSCIENCES 
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Northeastern 
University 


Assistant/Associate/Full Professors: 
Pharmacology 


The Department of Pharmaceutical Sciences at 
Northeastern University Bouvé College of Health 
Sciences seeks candidates for one full-time 
tenure-track faculty position at the assistant professor 
rank and one full-time tenured position at the 
associate or full professor rank. The Department 
has strengths in neuropharmacology, immunology, 
medicinal chemistry, pharmaceutics, imaging, 
drug discovery, development and delivery, and it 
seeks candidates able to complement, collaborate, 
and expand these areas of strength. Qualified 
candidates must hold a PhD or MD in pharmacology or 
related specialty field. Candidates will be considered 
until the position is filled. Applicants with transferable 
funding will be given priority. 


To apply, visit http://apptrkr.com/1350580, 
and click on ‘Faculty Positions’. 


Northeastern University is an Equal Opportunity/ 
Affirmative Action, Title IX, and ADVANCE institution. 
Minorities, women, and persons with disabilities 
are strongly encouraged to apply. Northeastern 
University is an E-Verify employer 


Indian Institute of Science Education and Research Bhopal 
(Autonomous Institute of MHRD, Govt. of India) 


Faculty Positions in India 


Applications are invited for 
faculty positions at all levels in 
Natural Sciences 
Biological Sciences, Chemistry, Earth and Environmental Sciences, 
Mathematics, Physics 
Engineering Sciences 


Chemical Engineering, Electrical Engineering and Computer 
Sciences 


Qualifications 


Humanities and Social Sciences 
Economic Sciences, Humanities and Social Sciences 


Eligibility 


Exceptionally brilliant candidates with a Ph.D. from a renowned Applicanon 


Institute with a proven track record of outstanding research ability 
and commitment to teaching. 


Attractions 


*« Academic Freedom * State-of-the-art Teaching Infrastructure 
¢ Generous Startup Grant « Excellent Research Infrastructure 
¢ Interdisciplinary Environment + Green Pollution-free Campus 


Further details are available at 


https://www.iiserb.ac.in/dofa/rolling_advertisement 
019036-00889 11/18 


Faculty Position in Diabetes Research 


The Diabetes Research Group at Sanford Research invites 
applications for full-time faculty within Sanford Research with 
commensurate rank in the Sanford School of Medicine at the 
University of South Dakota. 


We seek outstanding scientists with research programs on 
translational or preclinical studies on type-1 diabetes. Areas 

of expertise may include beta cell regeneration, regulation of 
autoimmunity or modalities of early detection of type-1 diabetes. 
Significant institutional support, including modern laboratory space 
and state-of-the-art facilities will be provided. A comprehensive 
benefits package will be tailored to the candidate’s qualifications. 


Applicants should hold a PhD, MD or MD/PhD degree and 
complement the existing strengths and interdisciplinary nature of 
Sanford Research. Physician Scientists are encouraged to apply. 
Candidates will be expected to develop independent research 
programs and secure extramural funding. 


Sanford Health is an Equal Opportunity/Affirmative Action 
Employer. Applicants should submit a single PDF that includes: 
1) detailed curriculum vitae, 2) description of research experience 
and future research plans with specific details on relevance 

of their research to type-1 diabetes, and 3) three letters of 
recommendation. If any of the above information is missing, the 
submission will not be considered. Submit materials via email to: 
researchrecruitment@sanfordhealth.org 


SANFi3RD 


HEALTH 


TWO LEADING POSITIONS AT SCILIFELAB 


o further strengthen our research environment and complement research areas already present at 
SciLifeLab, we are now looking to recruit two outstanding young group leaders to new Fellows 
positions. As part of the SciLifeLab Fellows program, you become an associate at our research center, 

as well as contract a position at one of our host universities. 


Read more at: www.scilifelab.se/fellows. Application deadline: January 15, 2018. 


Stockholm 
University 


Stockholm 
University 


Assistant Professor in Computational Biology 


Studies of algorithms, modelling and methodology, with applications in life sciences 


Assistant Professor in Environmental Genomics 


Genomic studies of all kinds of non-human biota and their relationships to the environment, focusing on structure 
and function of ancient or recent systems 


About SciLifeLab 


As a national hub for molecular biosciences in Sweden, SciLifeLab (Science for Life Laboratory) facilitates cutting-edge, multi-disciplinary 
life science research and promotes its translation to the benefit of society. The center focuses on both health and environmental research 
and is jointly operated by its four founder universities: KTH Royal Institute of Technology, Karolinska Institutet, Stockholm University, and 
Uppsala University. About 200 research groups, 1500 researchers and 40 national infrastructure facilities are associated with SciLifeLab. 


SciLifeLab 


Hi, University of 
g Massachusetts 


UMASS. Medical School 
Tenure-Track Faculty Position in Virology 


The Department of Microbiology and Physiological Systems (MaPS) at 
the University of Massachusetts Medical School (UMMS) (http://www. 
umassmed.edu/) invites applications for a tenure-track faculty position at 
the rank of ASSISTANT PROFESSOR. Depending on qualifications, can- 
didates may be considered for an appointment at the rank of ASSOCIATE 
or FULL PROFESSOR. We seek candidates who are focused on studies 
of viral infection, including (but not limited to): molecular mechanisms of 
virus infection and pathogenesis; cell biology of infection; virus structure; 
viral evolution, and interactions of viruses with their hosts. Candidates 
will be expected to develop and maintain an innovative, externally funded 
research program. We offer competitive startup and ongoing support, highly 
competitive salaries, faculty mentoring, a centralized graduate program, and 
an exceptionally collaborative culture with abundant opportunities for basic 
and translational research. 


UMMS is part of the unique, world-leading greater Boston biomedical 
research, clinical, and biotech community. Institutionally, traditional depart- 
ments are complemented with interdepartmental centers and programs (www. 
umassmed.edu/about/department-and-centers/). The successful candidate will 
also be a founding member of the nascent UMMS Virology Center. 


MaPS is located in the state-of-the-art Albert Sherman Center. Faculty 
research endeavors are supported with a wide array of departmental shared 
facilities as well as core facilities (https://www.umassmed.edu/research/ 
cores/) and BSL-3 and ABSL-3 suites. Please use the following link to 
apply: https://academicjobsonline.org/ajo/jobs/12777. Applications will 
be reviewed on an ongoing basis. Direct questions to Timothy Kowalik, PhD 
(timothy.kowalik@umassmed.edu). 


UMass Medical School values diversity, equity and inclusion. This is exem- 
plified by our definition of diversity (https://www.umassmed.edu/dio/about/ 
layers/), by recognizing the intrinsic relationship between diversity and 
excellence in all our endeavors, and by embracing open and equitable access 
to opportunities for learning and development as our obligation and goal. 


NYU Wi nth ro Assistant, Associate or 
, p Full Professors 
H ospital The New York University Long Island 
School of Medicine (NYU LISoM) and its 
Research Institute and Diabetes and Obesity Research Center invite applicants 
from accomplished basic and physician scientists for tenure eligible Assistant, 
Associate or Full Professor positions. Applicants must have an M.D. and/or 
Ph.D. or equivalent degree and have demonstrated excellence in research. 
The successful candidates will have experience in related fields of diabetes, 
obesity and heart disease. We are also interested in researchers focused on 
islet cell biology including basic and translational studies. Responsibilities 
include establishing a vigorous and independently funded research program, 
supervising and mentoring students and postdoctoral fellows with diverse 
backgrounds, and contributing to medical school education. Scholarship 
that bridges disciplines is encouraged across departments with NYU’s many 
schools, centers and institutes. In particular, there is a strong and growing set 
of collaborations with NYU School of Medicine’s Division of Endocrinology, 
Diabetes and Metabolism. We seek individuals with strong records of 
independent creative accomplishments, who will interact productively with 
colleagues within the NYU LISoM and with NYU School of Medicine taking 
advantage of unique opportunities to translate basic science into clinical 
practice. The Center is located in a new Research and Academic Center 
Building with ample opportunities to collaborate with basic and clinical 
scientists. The Center is within easy commute to New York. Currently, 
research is being carried out by basic and clinical investigators in lipid 
disorders, renal, cardiovascular and central nervous system complications, 
and obesity interventions. We have a strong set of clinical and educational 
programs for collaborations between pre-clinical and clinical faculty. 


Please submit a letter describing qualifications, along with a CV, a two page 
summary of current and proposed research, and names of referees to: Dr. 
Mahmood Hussain, Endowed Chair and Director, Diabetes and Obesity 
Research Center, NYU Winthrop, dore@nyulangone.org. 


The new NYU LISoM is located at the campus of NYU Winthrop Hospital 
in Mineola, in western Nassau County, just 25 miles from Manhattan and 
NYU SOM and a block from the Mineola LIRR Train Station. 


(e B | | PhD Scientists, Sr. Scientific Investigators, 
Principle Scientists, and Directors 
cseSMARTing CNS Diseases 

ICB International, Inc., (““ICBII’”’), of La Jolla, California is dedicated to 
developing disease altering therapies for afflictions of the central nervous system 
(CNS) to ameliorate the sufferings of hundreds of millions of patients worldwide. 
Realizing that blood-brain barrier (BBB) has been an insurmountable barrier to 
developing diagnostics and curative therapies for brain diseases, ICBII made 
it a priority to deal with BBB challenges. We have developed novel antibody 
mimics, referred to SMART Molecules (SMs), proven, in transgenic mouse 
models of Alzheimer’s and Parkinson’s diseases ,not only to cross the BBB, 
but also to detect, quantify, and modulate the function of errant CNS proteins. 
To advance its science from laboratory to patients, ICBII is looking for PhD/ 
MD candidates with a commitment to scientific excellence to eradicate CNS 
disorders with the energy, enthusiasm, and innovation to make a difference in 
patients’ lives by avoiding mistakes of the past clinical studies. We are looking 
for scientists in the following categories: 


Protein Engineers experienced in phage display libraries. 
Neurobiologists experienced in quantification of CNS proteins and 
mechanisms of protein transport across the BBB. 

Immunologists experienced in developing mechanisms based inhibitors 
for proteins and enzymes involved in synaptic dysfunction. 
Pharmacologists experienced in PK, PD, and toxicology in animals and 
humans. 

Radiologists/radiochemist with experience in developing radiolabeled 
proteins and imaging animals using PET scanner. 


Successful candidates will have a PhD/MD in relevant discipline and 3 to 5 
years’ experience working in the pharmaceutical and/or biotech industry as well 
as demonstrated track record of accomplishment in the form of publications 
in scientific journals and/or drug development. The position and salary will be 
commensurate with experience and accomplishments. These positions are open 
to US Citizens and permanent residents (Green Card holders) with a passion 
to work in the laboratory to combat neurodegenerative diseases. If you are a 
vibrant scientist with excellent interpersonal skills, please email your resume 
with a cover letter stating your interest and naming three references to info@ 
icbii.com. We are an equal opportunity employer. All correspondence will be 
held in confidence. 


ONE APP... 
THOUSANDS OF JOBS 


mL) 


m Jobs are updated 24/7 
m Search thousands of jobs 
® Get job alerts for new opportunities 


ScienceCareers @ %:°23. 


mylIDP: A career plan 
customized for you, by you. 
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There’s only one Science. 


Recommended by 
leading professional 
Seees §=societies and the NIH 


Features in myIDP include: 


Exercises to help you examine 
your skills, interests, and values. 


A list of 20 scientific career paths 
with a prediction of which ones 
best fit your skills and interests. 


A tool for setting strategic goals 
for the coming year, with optional 
reminders to keep you on track. 


Articles and resources to guide 
you through the process. 


Options to save materials online 
and print them for further review 
and discussion. 


A certificate of completion for 
users that finish mylDP 
and more. 


Start planning today! 
mylDP.sciencecareers.org 
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The Parikh laboratory at Harvard Medical School and Beth Israel Deaconess Medical Center in 
Boston is seeking a Postdoctoral Fellow who will lead a wholly NIH-funded project to understand 
the molecular processes regulating homeostasis of NAD+. NAD+ regulation in metabolically active 
organs may be pivotal both for cell-autonomous functions during acute stress and for generalized 
physiological disturbances such as impaired organ function. The successful applicant will apply 
systematic functional screens (e.g., CRISPR) to identify central control mechanisms for NAD+ 
balance and will lead vertically integrated experiments to evaluate metabolism and physiology across 
cellular and in vivo models of acute stress. 


Candidates must be enthusiastic, passionate and self-motivated with a commitment to career 
development. You will have the support of an organized Departmental Postdoctoral training program 
including opportunities to present your work and bi-annual review of a personalized Individual 
Development Plan with your primary mentor and a co-mentor to ensure that you are meeting career 
goals. The candidate must be able to independently and efficiently manage concurrent projects and 
while possessing a strong commitment to contributing intellectually and interpersonally toward a 
positive and stimulating lab environment. 


Essential Responsibilities: 

. Abides by the institutional policies of BIDMC relating to health and safety, equality of 
opportunity and data storage and management. 

. Asa member of the research team, actively pursues research under the supervision of a principal 
investigator while developing skills for independent work. 

. Receives training in and performs duties contributing to the investigational work of the team 
including formulation of research questions and design, conduct of experiments, and evaluation 
of results. 

. Prepares and publishes scientific manuscripts under direction of PI. 

. Develops expertise in desired lab skills/informatics/physics/clinical research. Develops 
proficiency with research tools and equipment. Develops ability to work with more 
independence as the fellowship progresses. 


Required Qualifications: 

. Doctoral degree required. 

. 0-1 years related work experience required. 

. Extensive experience in molecular biology, mammalian cell culture, manipulation of DNA 
and RNA in cells using CRISPR and RNAi. 

. Ability to produce complex documents, perform analysis and maintain databases. Prior 
experience reviewing, analyzing, and summarizing scientific literature. 

. Excellent attention to detail and interpersonal, organizational, writing, and project management 
skills. 

. Strong organizational and data management skills. 

. Advanced technical computer skills as required for technical support specific to functional 
area and related systems. 


Competencies: 

. Decision Making: Ability to make decisions that are guided by general instructions and practices 
requiring some interpretation. May make recommendations for solving problems of moderate 
complexity and importance. 

. Problem Solving: Ability to address problems that are varied, requiring analysis or interpretation 
of the situation using direct observation, knowledge and skills based on general precedents. 

. Independence of Action: Ability to follow precedents and procedures. May set priorities and 
organize work within general guidelines. Seeks assistance when confronted with difficult and/ 
or unpredictable situations. Work progress is monitored by supervisor/manager. 

. Written Communications: Ability to summarize and communicate in English moderately 
complex information in varied written formats to internal and external customers. 

. Oral Communications: Ability to comprehend and communicate complex verbal information 
in English to medical center staff, patients, families and external customers. 

. Knowledge: Ability to demonstrate in-depth knowledge of concepts, practices and policies 
with the ability to use them in complex varied situations. 

. Team Work: Ability to lead collaborative teams for larger projects or groups both internal and 
external to the Medical Center and across functional areas. Results have implications for the 
management and operations of multiple areas of the organization. 

. Customer Service: Ability to provide a high level of customer service and staff training to 
meet customer service standards and expectations for the assigned unit(s). Resolves service 
issues in the assigned unit(s) in a timely and respectful manner. 


Physical Nature of the Job: 

1. Light work: Exerting up to 20 pounds of force frequently to move objects. Some elements of 
the job are sedentary, but the employee will be required to stand for periods of time or move 
throughout the hospital campus 

To apply: 
Interested applicants should send a single PDF file including: 

1. Cover letter (please state how you heard about the position) 

2. CV demonstrating publication of impactful work 

3. One-page statement of research interests 

4. Contact information for three references 


EOE M/F/VET/DISABILITY/GENDER IDENTITY/SEXUAL ORIENTATION. 
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By Katarina RadoSevié 
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Forced to change—for good 


an’t stop loving you ... ” My 3-year-old son was singing along with Phil Collins from his car seat. 

We were on our commute, spending a few hours of quality time in Dutch rush-hour traffic. But 

I was not in the mood to sing along. My manager at the biotech company where I had been 

working for a bit more than a year had just told me that, in spite of my excellent performance, 

he did not foresee giving me more responsibilities in the near future. I was working part time 

so that I could spend more time with my young children, and he believed the career growth I 
sought required a full-time employee. The message hit me hard. But it precipitated a change that, in 
the end, taught me the power of embracing opportunities, no matter where they come from. 


My manager’s decision planted a 
seed of self-doubt. Was he right? 
Was I asking for too much? But I 
reminded myself that I had already 
proved I could be an effective scien- 
tist on a part-time schedule. During 
my 7 years as a university researcher 
working part time—a common 
choice among working mothers in 
the Netherlands—my career had 
flourished. With rigorous time man- 
agement and organization, I got at 
least as much good work done in 
4 days a week as others did on full- 
time schedules. 

When I left my university post 
for the biotech company, spurred 
by the desire for my work to reach 
patients, I expected that I would 
be able to grow professionally and 
advance my career there. I had 
the impression that the company 
valued performance and ambition. But now I was being 
told that I should be happy in my current role as a trouble- 
shooter, rather than the project leader I aspired to be. 

A friend suggested that I reach out to senior managers 
about opportunities in other departments. At first, I reso- 
lutely rejected that idea. Didn’t he understand? I wanted to 
work on antibodies and nothing but antibodies! That was 
what I knew, where I felt I could add the most value. And 
yet, I did not want to leave this cool company just because 
of one unsupportive manager. 

With little expectation that it would lead anywhere, 
I approached the three senior managers. One did not 
respond. One had nothing to offer. The third invited me 
to chat. He patiently listened to my story, asked what I 
was looking for, and then—in the blink of an eye—told 
me that I was welcome to join him in building a vaccine 
research unit. I stuttered that I knew nothing about vac- 
cines. He waved nonchalantly and said, “You will learn. 


“When I step out of my 
comfort zone, I find my most 
creative, productive self-” 


You are smart and willing to work 
hard. You will make it.” 

The reassurance was exactly 
what I had been looking for, but I 
was still shaken by my manager’s 
lack of confidence in me. Could I 
really handle a high-responsibility 
role in a completely new field? 

A few sleepless nights later, I de- 
cided that taking a chance on the 
unknown was better than staying 
in a position that made me miser- 
able. The worst thing that could 
happen was that I would fail. But 
I already felt like a failure, so why 
not try it? 

I soon discovered a new passion. 
My career path within the company 
opened up. I took on more respon- 
sibilities, developed new skills, 
expanded my scientific horizons, 
worked with great people, and led 
fantastic projects—all because of a change that had felt 
forced on me. It had pushed me further than I was willing 
to go, further than I thought I could cope with, and taught 
me that when I step out of my comfort zone, I find my most 
creative, productive self. 

More than 10 years later, antibodies—my scientific “first 
love’—crossed my path again in the form of an exciting, chal- 
lenging position that demanded a major life change, compli- 
cated by my recent divorce. I would have to leave my home 
and community, start again in another country, and find a 
way to co-parent across borders. After many discussions, I 
asked my son whether he would go abroad with me. With- 
out lifting his eyes from his Minecraft game, he responded, 
“Pourquoi pas?” I couldn’t have said it better myself. 


Katarina Radosevié is global head of biologics research at 
Sanofi in Paris. She thanks Andrea Dingemans for editorial 
support. Send your story to SciCareerEditor@aaas.org. 
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BEWING INSTITUTE OF TECHNOLOGY 


Beijing Institute of Technology (BIT), founded in 1940, is the first university of science and technology founded by the Communist Party 
of China and has always been the first batch of universities sponsored by China’s Project 211, Project 985 and the “World-class University Con- 
struction Plan”, category A. In 2016-2017, BIT was ranked among the Top 400 in QS World Universities Ranking, as well as the 15th among 
the Chinese universities in the above rankings. The fundamental research on engineering, material science, chemistry, physics, computer, math- 
ematics and social science in BIT is among the top 1% in ESI ranking and engineering is among the top 1%o. 

The university faculty includes more than 4300 teachers, 22 members of Chinese Academy of Sciences and members of Chinese Academy 
of Engineering, 49 selected in “Thousand Talents Plan” (the State Recruitment Program of Global Experts), 22 in “Ten Thousand Talents Plan”, 
39 Distinguished Professors of “Cheung Kong Scholar Program”, 38 winners of China National Funds for Distinguished Young Scientists and 
28 innovative teams such as Innovation Communities supported by Natural Science Foundation of China. BIT has now 9 State key laboratories 
(centers), 49 key laboratories of Peking or ministries. It has made a great contribution to the development of science and technology in the his- 
tory of China, such as the first television transmitting and receiving device, the first secondary solid high-altitude rocket, the first light tank, the 
first low altitude altimetry radar, the first 20km remote camera, etc. 

In recent years, BIT has attached great importance to talents recruitment and development. Under the BIT Talent Strategy, a series of pro- 
grams have been launched, including the “Distinguished Academic Leader Plan”, “Innovative Talent Special Support Program” and “Xu Teli 
Program for Young Scholars”. In addition, BIT founded the Advanced Research Institute of Multi-disciplinary Science and carried out the “Green 
Channel for Talents” to provide a good development platform and excellent conditions. BIT has been recruiting academic leaders and distin- 


guished middle-aged and young scholars from home and abroad. 


I.Qualifications and Conditions 


@ Thousand Talents Plan for Young Scholars 
1.Have an overseas scientific research expe- 
rience of 36 months or above after obtaining 
a doctorate degree; 

2.No more than 40 years old; 

3.Work full time when successfully selected. 


( TD) Xu Teli Program for Young Scholars 
1.Must have a Ph.D. degree and generally be 
not more than 40 years old; Work full-time 
at BIT; 


II.We Offer 

1.A competitive salary and welfare; 
2.Adequate funding for scientific research; 
3.Support for building academic team; 
4.Office and laboratory arrangements; 
5.Transitional housing; 

6.Apply for permanent Beijing residence; 


2.Have a doctoral degree obtained from a 
world-renowned university or Have an over- 
seas work experience of 2 years or above in 
well-known universities, scientific research 
institutions or R&D institutions of well- 
known enterprises abroad. 


(iD The Excellent Young Teachers Program 

Generally, have a research, learning, or work 
experience of over 2 years in well-known 
overseas universities or academic institutions; 


7. Assistance in solving life issues with fami- 
ly members; 

8.Allowance for international round-trip 
travel expenses (Thousand Talents Plan for 
Young Scholars Candidates). 


( T V) Postdoctoral Support Program 
1.Have obtained a full-time Ph.D. degree 
within the past 3 years and be not more than 
35 years old; 

2.If recruited, the applicant shall be able to 
work full-time in post-doctoral research (in- 
cluding the joint training of workstation). 


( V) Distinguished Academic Leader Plan 
Compensation, fund and relocation package 
will be discussed case by case. 


III.To Apply 

Applicants please send CV, full copies of repre- 
sentative academic publications with citations and 
peer reviews, etc. via email to HR of BIT. Please 
specify the talent program you are applying for. 
You can also log on to the BIT Recruitment Sys- 
tem (http://zhaopin.bit.edu.cn/) to apply online. 


Contact us: 


Ms. Xia, Mr. Fan 


bitrcb@bit.edu.cn 


Distinguished Academic Leader Plan/ Thousand Talents Plan 
for Young Scholars/Xu Teli Program for Young Scholars 


+8610-68914243/4546 


The Excellent Young Postdoctoral Support 
Teachers Program Program 

Ms. Zhang, Mr. Zhou Ms. Yu, Mr. Liu 
+8610-68918577 +8610-68912338 
bitzhaopin@bit.edu.cn bitbsh@bit.edu.cn 


Know more, please visit http://www.bit.edu.cn 


Lo you have the 


next 
big 
iaea 


in the life sciences’? 


Apply to lead a new research area 
at Janelia Research Campus. 


Apply by March 1, 2019 
More Information janelia.org/new-research-area 


hhmi | janelia 


